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ABSTRACT
The dissipation of the collective energy at the saddle point 
for neutron fission of 239Pu has been investigated by a measure­
ment of Pu fission fragment masses and kinetic energies. Studies 
by previous authors on the amount of this dissipation contained con­
flicting results. The present measurements used neutrons in the 
resonance energy region where, for 2 3 9Pu, the relative fission 
contribution from individual (J,K,tt) collective channels can be
calculated. The neutron energies were E = 0.033, 0.081 andn
0.296 eV. A triple-axis spectrometer was used to provide a mono­
energetic neutron beam. A thin, 12 yg cm“2, 239Pu target was 
prepared by the method of electrospraying.
The data were analysed by direct comparison of the raw pulse 
height distributions at the three neutron energies and also by the 
usual surface barrier detector calibration procedure. The measured
average total kinetic energy difference between E = 0.033 andn
0.296 eV was |AE | - 185±75 keV. This value confirms the known vJx
variation in the same energy region and implies an E differenceK
between pure J = 0+ and J = 1+ levels for 239Pu fission of
|AE | = 4301180 keV. An intepretation of this result is that the
dynamical effects of viscosity in the 2l+̂ Pu compound system near
the fission threshold are significant.
A similar measurement was made for 2 3 5U(n,f) at E = 0.033 andn
0.121 eV. The fragment kinetic energy difference AE between theseK
two energies is theoretically zero. The value measured was
|AE I = 10±80 keV, thus confirming the accuracy of the experimental
system.
The mass yield analysis for 2 3 9Pu(n,f) found that fission via 
a J = 0+ level gives a larger amount of symmetric fission than for a
J = 1  level by a factor of 6.9±2.1 and that the increased symmetric 
component persists to at least 8 amu away from perfectly symmetric 
fission. It is shown that the mass yield change between fission via 
J - 0+ and 1+ levels contributes only 36 keV to the Ë change of 
430 keV.
The v and E data of previous authors were reanalysed to take 
account of likely misassignments of J values.
The size of the mass resolution in the present double-energy 
measurement technique was determined through a measurement of frag­
ment masses and kinetic energies for 252Cf spontaneous fission.
The mass resolution was found to be 4.9 amu (FWHM) for 2 3 3Pu(n,f) 
and 5.2 amu (FWHM) for 2 5 2Cf(sf). The separate contributions to 
the mass resolution from neutron emission and from instrumentation 
effects were identified. The measured mass yield curves were then
corrected for this mass resolution.
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CHAPTER 1
INTRODUCTION
1
1.1 In recent years, significant theoretical progress has been made in
calculating the potential energy surfaces of fissioning nuclei (MÖ72,
MÖ73). These calculations give the 'static* properties of the deformed
fissioning nuclei near the saddle point. However, to fully describe
the fission process, the dynamical effects of collective inertia and
viscosity in the descent from the saddle point to scission must also
be known. Theoretical progress in understanding the dynamics is much
less advancedo Fortunately, experimental data on fission fragment
properties can provide important dynamical information For example,
there is the question of how the collective energy of the compound
nucleus is dissipated between the saddle point and scission. For
U(n,f), discrete changes in the collective energy have been observed
directly as discrete changes of the same magnitude and direction in the
average total fragment kinetic energy E (Bo76). Also, the averageK
number of prompt neutrons emitted per fission, v , was observed to
show the same variation as E but of opposite sign (Bo76), as expectedK
itfrom energy balance considerations . These data provide strong 
evidence that, for 2 3 3U(n,f) at low excitation energy, the discrete 
spectrum of the collective degrees of freedom at the saddle point is 
preserved at scission, that is that they are only weakly coupled to 
internal (single particle) degrees of freedom during the barrier 
descent. A similar conclusion has been reported for the system 
2 3 ^U(n,f) (C179,Sch79). In other words, these systems are non­
dissipative (i.e. weakly viscous).
The simpler form v is used throughout, rather than the usual v .P
It is assumed that the collective energy plus the pre-scission relative 
kinetic energy of the fragments appear finally as fragment kinetic 
energy. Similarly Ex, the amount by which the available excitation 
energy E* exceeds the threshold for a particular fission channel, 
appears finally as fragment excitation, i.e. mainly as neutron emission 
(Wa75) (see Figure 1.1). The total energy release and the total gamma 
ray energy are assumed constant„
IT NEUTRON 
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FIGURE 1-2 COLLECTIVE LEVELS AT THE SADDLE POINT FOR 
240P u ,FOR RESONANCE ENERGY FISSION.
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For the case of 2 3 9Pu(n,f), however, the question of collective 
energy dissipation has remained unanswered, mainly because of con­
flicting eaqperimental results. The situation can be illustrated by 
reference to Table 1.1 and Figure 1.2. Table 1.1 lists the spectrum 
of low-lying collective bands at the saddle point for the 2l+9Pu 
compound nucleus (Ba71).
e kC
(MeV)
K* J Band Name
OoOO* 0+ 0,2,4,6,... Ground state
0o35 o" 1,3,5,7, . . 0 Mass asymmetry
0o 70 2+ 2,3,4,5,... y vibration
0.90 l” If 2 ,3,4, . . . Bending
1.05 2 2,3,4,5,... Y vibration + mass asymmetry
1.25 i+ 1,2,3,4,• • • Mass asymmetry + bending
1.40 0+ 0 ,2 ,4,6 ,... Double Y vibration
K, 7T K*EC, K values from (Ba71). E is the collective energy
of a particular K band relative to the ground state band.
K is the projection of the total angular momentum J of the
compound nucleus on the fission axis.
Table 1,1 Spectrum of Low-lying Collective Bands at
the Saddle Point for 21*°PU Compound Nucleus
For resonance energy neutrons (£ = 0, s = ±h) incident on 239Pu
(I = %+), fission occurs via J = 0+ and J = 1+ levels only. Further,
all the J = 1 strength occurs through the K = 1 'mass asymmetry +
bending' band at E^ = 1025 MeV and, as shown in section 5.1, ^90% of 
+ +the J = 0 strength through the K = 0 ground state band (Figure 1.2). 
Thus it is possible to isolate effects related to unique (J,K,ïï) 
channelsT. If the coupling between collective and single particle
^This is a powerful feature of the 2 3 9Pu(n,f) system at resonance 
energieso It is not a feature of most other (n,f) systems, unless 
beam polarisation or target alignment methods are usedQ
3
degrees of freedom is weak for 2 3 9Pu(n,f), as it is for lighter
actinides, then Ë for fission through J = 1+ levels (i.e. the K = 1+ K
band) should exceed Ë for J = 0+ levels (the K = 0+ ground state 
band) by ^1.25 MeV.
Several experimental results have been obtained for this ËK
difference and these are summarised in Table 1.2.
Method iK (J=1 +)-E-K (J=0+)
(MeV)
Kinetic energy measurements (To71) 1.5 ±0.1* -►system non-dissipative
v measurements (Le76) 0.4010„10-►system dissipative?
v measurements (Fr73) 0.1110.05-►system dissipative?
K
The value reported in (To71) of 0.75±0.05 MeV must be 
increased to take account of the J = 1+ contribution 
in the Be-filtered events.
Table 1.2 Summary of Previous Results for E (J=l+)-E (J=0+)
for 2 3 3Pu(n,f) at Resonance Neutron Energies
The data of Toraskar et al0 (To71) were obtained from a direct
fragment kinetic energy comparison, using filtered neutron beams. E
for the large J = 1+ resonance at E = 0.296 eV was compared with in K
for E ^0.005 eV, where the bound J = 0+ resonance (Vo60) below the n
neutron binding energy gives a significant contribution0 The 1.510.1
MeV value found for E (J=l+)-E (J=0+) implies that the system is non-K K
dissipative. However, two measurements of v in the resonance region, 
Leonard et al. (Le76) and Fr^haut et al. (Fr73), obtained for the 
difference v (J=0+)-v(J=l+) values of 1.8 and 0.5% of v, respectively,
1after correction for the small (n,yf) effect (Ry73) . Converted to E 
differences (via 0,13 neutrons MeV”1) , these are equivalent to
K
A gamma ray is emitted before fission, with consequent decrease in 
the compound nucleus excitation energy.
*f*t t t <From the variation of v with incident neutron energy for 2 3^Pu(n,f) 
(Wa74).
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0.40±0.10 and 0.1110.05 MeV. Although in mild disagreement with each 
other, both these values imply that the discrete nature of the collec­
tive levels at the saddle point (Figure 1.2) is not preserved at
scission, e.g. that the system is dissipative. Also, the E data ofK
Lachkar et al. (La75) for 2 3 9Pu(d,pf) can be interpreted in terms of 
a dissipative 2lf0Pu system.
The primary aim of the present work was to resolve the above
discrepancy to establish whether the 2 3 9Pu(n,f) system near threshold
is strongly or weakly dissipative. Fission fragment kinetic energies
and mass yields for 2 3 9Pu(n,f) were measured at E = 0.033, 0.081 andn
t .0.296 eV , using a double-energy configuration. A triple-axis 
spectrometer was used to provide monoenergetic neutron beams. Use of 
a spectrometer is a relatively novel feature for fission fragment 
studies.
To check the accuracy of the experimental system a similar measure­
ment was made for 2 3 5U(n,f) at E = 0.033 and 0.121 eV. It is shown inn
section 6.1 that the theoretical fragment kinetic energy difference AEK
between fission at these two neutron energies is zero.
1.2 Bohr and Wheeler in 1956 suggested that the symmetry of fission 
might depend on the spin and parity of the resonance (Bo56,Wh56). Such 
a dependence might arise if the final mass division were influenced by 
the symmetry properties of the nuclear wave function which describes 
the saddle point channel (see section 2.5). This concept is commonly 
called the concept of Symmetric' versus 'asymmetric' fission modes. 
Several experiments have reported a spin dependence of the fission 
mass asymmetry for 2 3 9Pu(n,f), in agreement with this prediction.
The errors on E^ are given in Tables 4.2 and 4.3.
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Regier et al. CRe60) and Cowan et al. (C0 6 6) measured radiochemical 
yields of ^9Mo (asymmetric region) and ^ 5Cd, 12*Sn (syiranetric region) . 
Walter et al. (Wa63) measured the energies of fragment pairs. In each 
ejqperiment fission through J = 0+ levels was found to have a larger 
symmetric component than fission through J = 1+ levels. However, only 
a small number of fragment masses was studied (Re60,Co66), or the 
reported results were limited in detail (Wa63). The present work 
aimed to measure the 2 3^Pu(n,f) fragment mass distributions for J = 0+ 
and 1 + levels with high precision over the full mass range, to give 
stronger confirmation to the above theoretical prediction.
1.3 Throughout the history of studies, by many authors, of channel
effects in E and v for low energy neutron induced fission of actinide K
nuclei, it has been necessary to assume negligible effects on and v 
from possible mass distribution changes, in order to perform a meaning­
ful analysis of the data. A third aim of this work was to determine
the amount of fragment kinetic energy change AE due solely to theK
9 oq *fchange in ^o:3Pu mass distribution between J = 0 and 1 fission, to
. tinvestigate the validity of the above assumption .
1.4 A feature of the double-energy measurement technique is that the 
experimental mass resolution is significant and is expected to be 
about 4 amu (FWHM) (Ni73). The size of the mass resolution in the 
present work was determined by a measurement of fragment masses and 
kinetic energies for 252Cf spontaneous fission (sf). The measured 
252Cf mass distribution is compared with that from a double-velocity
^The results from sections (1.1) to (1.3) were presented by oral 
presentation to the 4th IAEA Symposium on the Physics and Chemistry 
of Fission, Julich, West Germany, 14-18 May 1979, paper SM/241-F6.
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Cf(sf) study by Whetstone (Wh63), for which the mass resolution is 
known. Such a comparison enables the present mass resolution to be 
determined as a function of mass. The measured 2 3 9Pu(n,f) mass yield 
data (and also that for 2 5 2Cf(sf)) were then corrected for this mass 
resolution using the five-element operator method of Terrell (Te62).
Of further interest is that the above procedure also gave the 
relative contributions to the mass broadening from fragment neutron 
emission and from detector and other instrumental effects.
For the measurements of (1.1) to (1.3) above, the quality of the
measuring system needed to be extremely good. For example, the size
of the measured change in E„ between E = 0.033 eV and E = 0.296 eVK n n
2 39was expected to be only about 0.2 MeV out of some 180 MeV. The Pu 
target needed to be thin and uniform, the characteristics of the 
incident neutron beam needed to be well-known, and the electronic 
system needed to be extremely stable. The preparation of the high-
• 9 QQquality o:7Pu target by the method of electrospraying is described 
in Chapter 3. Chapter 4 describes the operation of the triple-axis 
spectrometer and the measurement of the neutron beam characteristics. 
The procedure used to select the best of the available fission frag­
ment detectors and the measurement of the system stability are 
described in section 5.3.
Chapter 2 presents a review of the present status of theoretical 
calculations of mass distributions and dynamical effects in fission. 
The macroscopic-microscopic treatment of Moller and Nix (Mo72,Mo73), 
described in section 2.4, has been the most important advance in 
calculating static saddle point properties in the last ten years.
It is fair to say that the reason for asymmetric mass distributions 
in fission, a problem that existed for over thirty years, has finally
252
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been qualitatively and quantitatively identified. The theoretical 
justification for the existence of 1 symmetric' and 'asymmetric' 
modes in fission is given in section 2.5. Calculations of dynamical 
effects due to the nuclear viscosity and inertia in the motion 
between the saddle point and scission have been given attention 
only in the last few years. The effect of nuclear viscosity on 
fission fragment total kinetic energy can be derived (section 2 .6 ).
CHAPTER 2
THEORETICAL CALCULATIONS OF MASS DISTRIBUTIONS
AND DYNAMICAL EFFECTS IN FISSION
8
2.1 Introduction
Most attempts to calculate mass and energy distributions in 
fission have been restricted to the 'static' properties of deformed 
nuclei at the saddle point. Static means that the nucleus is in a 
shape of stable equilibrium. The 'dynamic' properties, that is the 
properties of the motion between the saddle point and scission, have 
been less fully investigated. This situation is to be expected as 
the static saddle point properties need to be reasonably well known 
before their later variation under dynamical effects can be calculated.
The static calculations themselves fall into two groups: adiabatic 
and non-adiabatic. If the collective motion toward scission is 
sufficiently slow or the coupling to internal degrees of freedom 
sufficiently weak so that the single particle degrees of freedom can 
easily readjust to each new deformation as the distortion proceeds, 
then an adiabatic treatment can be used. In this situation the 
decrease in potential energy from saddle to scission appears in the 
collective degrees of freedom at scission, mainly as the kinetic energy 
of relative motion of the nascent fragments. The opposite situation 
occurs, however, if the collective motion is fast enough or the coupl­
ing strong enough to transfer collective energy into individual 
nucleonic excitation energy. Such a transfer gives rise to the concept 
of a nuclear viscosity. In this case a non-adiabatic treatment should 
be used (e.g. a statistical treatment).
The earliest adiabatic treatment used, the Liquid Drop Model 
(Bo39), found considerable success in calculating nuclear equilibrium 
shapes at the saddle point (Co62). However, it predicted symmetric 
mass distributions for low energy fission of actinide elements, rather 
than the well-known asymmetric distributions. Also its calculated 
fission barrier heights were considerably higher than those measured
9
experimentally.
In contrast, a non-adiabatic treatment, the Statistical Model, 
did succeed in reproducing the experimental mass distribution of 2^ U  
(Fo53,Fo56). However, this model too has a number of problems 
associated with it and these will be described later in this chapter.
In recent years the most important advance in the calculation of 
static saddle point properties has been the adiabatic macroscopic- 
microscopic treatment of Moller and Nix (Mo 72,M673). They used shell 
corrections to the Liquid Drop Model to calculate potential energy 
surfaces for a large number of fissioning nuclei. Their treatment 
gave outstanding success in that it correctly produced asymmetric mass 
distributions as well as other such varied phenomena as nuclear ground- 
state masses and deformations, second minima in fission barriers, and 
fission barrier heights.
The first part of this chapter (sections 2.2, 2.3, 204) describes 
calculations of the fission mass distribution based on the three treat­
ments mentioned above. The macroscopic-microscopic method is described 
in some detail and the Liquid Drop and Statistical methods more briefly. 
This is because the results of the last two methods are standard and 
well-known. In contrast, the macroscopic-microscopic calculations of 
potential energy surfaces are an exciting, recent development, and one 
that is still continuing to evolve.
Section 2.5 describes another adiabatic treatment of mass 
distributions: one where the collective transition states at the 
saddle point determine the mass division. This is just the concept of 
'symmetric' versus 'asymmetric' fission modes which was discussed in 
Chapter 1 and is applied to explain differences in mass distribution 
due to different resonance spins.
No separate discussion of calculation of fragment kinetic energy
10
distributions in fission is given, as this in effect is intimately 
related to the mass distribution calculations. Once the ratio of 
masses of two fragments is known, the ratio of their kinetic energies 
is given by conservation of linear momentum and conservation of mass 
(equation 5.2). Knowledge of the total kinetic energy, which arises 
primarily from simple Coulomb repulsion, then gives the individual 
fragment kinetic energies.
The final part of the chapter (section 2.6) discusses calculations 
of dynamical effects in fission - the nuclear viscosity and inertia.
The theoretical effect of viscosity on fission fragment total kinetic 
energy is described.
2.2 Mass Distribution Calculations Based on the Liquid Drop Model 
In the Liquid Drop Model (Bo39) the nucleus is described as a 
uniformly charged drop of constant density and with a well-defined 
surface. The drop is assumed incompressible, irrotational and to have 
zero viscosity. The potential energy of the drop depends on its 
shape and is determined by the interplay between surface (tension) and 
Coulomb effects. The surface effects act to hold the drop together 
while the Coulomb effects tend to pull it apart. In the simplest form 
of the model no account is taken of shell effects or interactions of 
individual particles in the nucleus. The shape of the drop is 
described in terms of an expansion in Legendre polynomials about an 
undistorted spherical shape:
R(0) = (R /A)[l + I a P ( COS0 )] ...(2.1)
° n=l
where R(0) = length of radius vector at angle 0,
R = radius of undistorted sphere, o
X = scale factor for conservation of volume, and
tha = parameter describing the amount of n order n
distortion.
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For simplicity of discussion we will, for the moment, consider small, 
axially symmetric distortions of a sphere. Then equation (2.1) 
reduces to
R (0 )  = R  [ l  + o i2 P 2 (c o s 0 ) ] ...(2 .2 )
The surface energy E is equal to a constant t (the surfaceb
tension) times the surface area S
Eg = TS . ... (2.3)
For small distortions it can be shown (Bo39) that this is just
2 2ES ... (2.4)
o .where E is the surface energy of the undistorted sphere ('WOO MeV).b
The Coulomb energy E^ is given by
1
EC "  2 VpdT ... (2.5)
where V and p are the electric potential and charge density respectively 
for the drop. For small distortions, this is just
1 2'E.C ■ Ec 6  - F  4 ) ...(2 .6 )
o .where E^ is the Coulomb energy of the undistorted sphere (W000 MeV).
For the drop to be stable against small distortions, the decrease
in Coulomb energy Ae ^ = - ~  a^E^ mus^ ke smaller than the increase in
2 2 osurface energy Ae = —  ouE . The drop will become unstable when3 5 3
E°
IAE I/AE = 1, i.e. when --- = 1. If one defines a fissility
1 C 1 S _ o
2Eo SEC t .parameter x = --- , then the spherical drop is stable to small distor-
2Es
tions when x <1. For x >1 there is no potential barrier to inhibit 
fission and the drop will fission spontaneously.
^The semi-empirical analysis of Green (Gr55) gives E° 
n 2/ z 2 C
E = 17.80 A 3 MeV. Thus x = .S 50.13A
0.7103 Z2/A/3 MeV,
FIGURE 2-1 (a) POTENTIAL ENERGY SURFACE IN a2-ak PLANE.
THE POSITION MARKED 'COL' IS THE SADDLE 
POINT. (b) POTENTIAL ENERGY VERSUS 
DISTANCE ALONG DASHED LINE IN (a).
From (Ly68) .
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A great deal of work has been done in calculating droplet shapes 
in accordance with equation (2.1), to high orders of n. Diagrams 
showing nuclear shapes in the (*2-0(4 plane (symmetric deformations) 
can be found in (Co62). Figure 2.1 shows the potential energy surface 
in this (*2-014 plane. The formation of a saddle point can be clearly 
seen.
We are primarily interested here in the mass distribution that is 
calculated from the Liquid Drop Model. Unfortunately the calculated 
mass distribution is symmetric whereas the experimental mass distribu­
tion of actinides at low excitation energy is of course asymmetric.
This well-known difficulty with the Liquid Drop Model arises because, 
for x >0.39 (see below), the droplet at its saddle point deformation 
is stable with respect to asymmetric deformations (i.e. where n is 
odd) (Co63) . It is, however, unstable to symmetric deformations (a 
where n is even). This situation can be demonstrated as follows:
The deformation energy £ of the drop is given by
5 = (ES+EC)-(E°+E°) ...(2.7)
F° , .S v fin-1) (n+2) . 5 (n-1) \ i ,2(from Wi64) ---- 4------- * 75£il>7|c,n 1 ...(2.8)
E -i Y C la I2 . ... (2.9)
2 L n 1 n 1
The C are 1 stiffness coefficients' or 'elastic constants' of the n
saddle point shapes against different types of small deformations.
A positive value for says that the system is stable to that 
particular deformation - a negative value that it is unstable.
Figure 2.2(a) shows the stiffnesses C2 and C4 , corresponding to the 
lowest order symmetric deformations, as functions of x (Co63). C2 ,
corresponding to a division or fission coordinate, is always negative, 
becoming markedly so at x M).67. That is, the system is unstable to
5 ____ I____ I____ I____ I____ I____ I____ :____I____ i____00 0-5 10
X
FIGURE 2-2 (a) STIFFNESS COEFFICIENTS C2 AND C4 CORRES­
PONDING TO LOWEST ORDER SYMMETRIC 
DEFORMATIONS, AS FUNCTIONS OF x. (THE 
C4 SCALE IS REDUCED BY A FACTOR OF 10).
(b) STIFFNESS COEFFICIENTS Ci AND C3 CORRESPOND­
ING TO ASYMMETRIC DEFORMATIONS. From (Wi64).
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symmetric C2-type deformations. Figure 2.2(b) shows the stiffnesses 
Ci and C 3, corresponding to asymmetric deformations. Ci is >0 for all
values of x, C 3 >0 for x >0.39. The system is thus stable to these
. tasymmetric deformations .
As well as its failure to explain the mass distribution, the 
Liquid Drop treatment calculates fission barriers considerably higher 
than are measured, and also predicts isotropic fragment angular 
distributions rather than the well-known anisotropic behaviour.
2.3 Mass Distributions from the Statistical Model
Fong's Statistical Model of Fission (Fo53,Fo56) was the first 
theoretical treatment to reproduce closely the asymmetric mass 
distribution in fission. The model assumes that in fission a nucleon 
may cross the nucleus many times as the nucleus moves from saddle 
point to scission. An instantaneous, non-adiabatic, statistical 
equilibrium will be established at any moment of the process. At 
equilibrium, each individual quantum state has equal probability to 
occur. Thus the probability of a nuclear configuration is proportional 
to the number of quantum states associated with it. In other words, 
the relative probability of occurrence of a fission mode is proportional 
to the density of quantum states of the corresponding nuclear configura­
tion at the moment just before scission. This is the crucial assumption 
of the theory. The scission configuration assumed is that of two 
deformed spheres in contact.
The density of quantum or excitation states of the nucleus at 
excitation energy E is taken from the statistical model of the nucleus 
(Be37) to be
+ .For x <0.39 the droplet is indeed unstable to n = 3 deformations.
However, this instability corresponds to one fragment sucking in the
other, which can be interpreted as no division occurring at all. Thus
this deformation is not particularly relevant to the problem at hand
(Co6 3) .
FI
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60 6 0 100 120 140 160 180
MASS NUMBER
FIGURE 2-3 MASS DISTRIBUTION FOR 2 3 5 U(n,f) CALCULATED BY 
STATISTICAL MODEL (CONTINUOUS LINE) COMPARED 
WITH EXPERIMENTAL DATA (POINTS). From (Fo53).
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W (E) = c exp 2/aE t ...(2.10)o
where a, c are empirical parameters dependent on mass number A. The 
density of quantum states N for the two-fragment system (A^, A2 with 
excitation energies E^, E2 respectively) is then
N « Ciexp 2/aiEi • C2exp 2v/a2E2" ,0.(2.11)
(E = E i+E2) « CiC2e3q) 2/(ax+a2)E ...(2.12)
o obecause E i/E2 = aiT /a2T* = ai/a2 (fragments in contact have equal 
nuclear temperatures T)„
For symmetric fission (subscript o)
N a C2 exp 2/2a E . ...(2.13)o o 0 0
Therefore the ratio of probabilities P of asymmetric to symmetric 
fission is
P _ N
P “ No o
CiC2
----  exp 2^2a (/E-)/e ~)
C2 0 0o
...(2.14)
(a « A, therefore ai+a2 = 2a^)
Fong used a semi-empirical mass equation which incorporated shell 
effects to calculate that the excitation energy of asymmetric fission 
modes is ^5 MeV larger than that of symmetric modes. Because of the 
exponent in equation (2.14), just this 5 MeV of energy is sufficient 
to account for the relative probability ratio of ^ 0 0  between 
asymmetric and symmetric fission of 2 3 5U. Figure 2.3 shows the 
spectacular agreement between the calculated mass distribution for 
2 3 5U(n,f) and the experimental data.
Difficulties do exist with this statistical treatment however. 
The calculated mass distribution for 2 3 9Pu(n,f) (Pe55) does not fit
the esqjerimental data well» Also, the calculated potential energy 
of deformation does not give a minimum at scission as required but 
continues to decrease past scission. Thirdly, knowledge is required
15
of fragment deformation energies and level densities at deformations 
where direct experimental data is often not available.
2.4 Mass Distributions from a Macroscopic-Microscopic Treatment
The macroscopic-microscopic treatment of Môller and Nix (MÔ72, 
MÔ73) has been the most important advance in calculating static saddle 
point properties in the last ten years. The treatment is based on the 
macroscopic-microscopic formalism first proposed by Strutinsky (St6 6) 
and calculates potential energy surfaces for fissioning nuclei as a 
function of deformation. The description to follow is a simplified 
presentation of the principles of the method, with its success in 
calculating the mass distribution highlighted. A detailed mathematical 
description is too cumbersome to be presented here.
The macroscopic-microscopic formalism is particularly suited to 
nuclear systems that contain a large number of particles. The total 
nuclear potential energy of deformation is written as the Siam of two
terms :
EPOT E H“EMACROSCOPIC MICROSCOPIC (2.15)
The first term is a smoothly varying macroscopic energy which 
reproduces the broad trends of the potential energy. In a heavy 
nucleus it accounts for ^9.5% of the 2000 MeV total binding energy 
and for ^95% of the 200 MeV variation in potential energy during 
fission. E is usually taken as given by Liquid Drop
parameters. The second term represents fluctuating microscopic 
corrections due to the discreteness of the individual particles. 
These corrections are mainly due to shell and parity effects and for 
a heavy nucleus normally amount to ^10 MeV total. The average 
behaviour of the sum of single particle energies is renormalised to
the macroscopic energy.
Moller (Mo72) used the Liquid Drop Model to define the macroscopic
16
. . 1*contribution :
E = E (Z,N)MACRO LIQ o DROP '
3 Z2 e2
“ as (1 - V 2)^ S + f  r * g
+ terms independent of deformation
2where a (1 -k I )A = surface energy of a spherical nucleus,O O
...(2.16)
where
E
a . k , R S S o
kg = surface asymmetry constant and specifies 
the decrease in surface energy with 
increasing neutron excess I = (N-Z)/A,
S, g describe the surface and Coulomb energies,
respectively, relative to a spherical nucleus, 
were derived from the Myers and Swiatecki 
mass formula (My67) to be:
a = 17.9439 MeV S
k = 1.7826S
AR = 1.2249 A fm.o
MICRO was taken as:
e m i c r o e s h e l l (z ,n )+e p a i r (z'n)
= Y e 2V2-E -Ë -G (pairing factors) ...(2.17) 
L V V SHELL PAIR ^
e = the single-particle energy for a proton or neutron
v
for the single-particle level v,
V = a pairing factor for level v,v
ESHELL' PAIR are the smooth average of the total single-particle
energy and the total pairing energy, respectively, 
calculated by the method of (St6 6), and 
G is a function involving pairing factors.
^In (Mo73) a refined version of the Liquid Drop Model was used, the 
'Droplet Model'. This takes into account corrections that are 
associated with the finite size of nuclei, e.g. compressibility of 
nuclear matter and curvature of the nuclear surface»
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The single-particle energies e^ are calculated by solving the
Schrodinger equation for an assumed form of the single-particle
potential. Moller and Nix tried both a modified oscillator potential
itand a folded Yukawa potential in their calculations. The results 
for each were very similar.
Thus, the potential energy of deformation of the nucleus can 
finally be determined from the sum of the macroscopic and microscopic 
contributions (equation 2.15). Möller and Nix then constructed 
potential energy surfaces in deformation space by consideration of 
the coordinates r, 0 2 and a. r is the distance between mass centres 
of the two fragments, a 2 i-s a coordinate describing the amount of 
'necking-in' of the nucleus, and a is the 'mass-asymmetry' coordinate 
given by a = (Mj-M2 )/Mo. is the mass on one side of the point mid­
way between the ends of the shape and M2 the mass on the other side.
M = M 1+M2 . For each value of r, a the potential energy is minimised 
by varying (7 2. Because physical systems prefer to exist at their 
lowest potential energy values, this then gives the potential energy 
of the system as a function of r and a. Contour maps of potential 
energy surfaces were generated for a large number of fissioning nuclei.
The present work is concerned with the fissioning system 2 3 9Pu+n,
i.e. with the compound nucleus 2lf0Pu. The potential energy surface 
calculated for the 2l+0Pu compound nucleus by Möller (MÖ76) is shown in
The standard harmonic oscillator potential V = — k r (r = displace­
ment from point of zero potential, k = constant) is modified by 
including a correction term which makes the potential rise more 
slowly near the centre and faster near the nuclear surface.
^One assumes a uniform sharp-surface generating potential whose shape 
corresponds to the given nuclear shape; i.e. V = -VQ inside the 
specified surface and V = 0 outside. A Yukawa function is then 
folded over the sharp generating potential to obtain a potential 
with a diffuse surface. The Yukawa function is
V (r) =
-V
47ra;
- r-r IA
Ir-r'|/
dr
where VQ is 
of the function (Ni72)
the well depth for a neutron or proton and a is the range
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FIGURE 2.4 (a) POTENTIAL ENERGY SURFACE FOR 21+0Pu COMPOUND
NUCLEUS, CALCULATED BY MACROSCOPIC-MICROSCOPIC 
TREATMENT SEE TEXT.
(b) SCHEMATIC REPRESENTATION OF (a) IN TWO
DIMENSIONS. CORRESPONDING POINTS, X, Y, Z
ARE INDICATED. LIQUID DROP CALCULATION --- ••
SYMMETRIC DEFORMATION ONLY - - - , ASYMMETRIC 
DEFORMATION INCLUDED ------  . From (MÔ76).
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Figure 2.4(a). The hexadecimal numbers labelling the contours are 
potential energy values in MeV above the lowest point in the diagram. 
Without the inclusion of the mass asymmetry deformation, the path to 
scission would follow the dashed curve in Figure 2.4(a), i.e.
£ 3 = e5 = 0. Inclusion of the mass asymmetry deformation in the 
calculations (i.e. £ 3 , £ 5  ^ 0 ) gives a path to scission shown approx­
imately by the continuous line. The "pass' or 'saddle point' at Y is 
at least 4 MeV lower than the symmetric saddle point Z. Thus asymmetric 
fission is energetically favoured over symmetric fission. Figure 2.4(b) 
is a schematic two-dimensional representation of Figure 2.4(a). Corres­
ponding points X, Y and Z in (a) and (b) are indicated. The lowering of 
the fission barrier at the second saddle point due to mass asymmetric 
deformations is clearly seen.
The reason for this lowering of the fission barrier is related to 
the single-particle levels in the compound nucleus. Calculations by 
Gustafsson et al. (Gu71) have shown that, whereas most single-particle 
levels are independent of asymmetric deformations, several levels do 
decrease strongly in energy. This then decreases the total potential 
energy of the system to asymmetric deformations. It would seem that 
the reason for asymmetry in fission, a problem that existed for over 
thirty years, has finally been qualitatively and quantitatively 
identified.
For the heaviest transactinide nuclei the experimental mass 
distributions are symmetric. The calculations of potential energy 
surfaces for these nuclei show their asymmetric saddle point (point Y 
in Figure 2.4(a)) to be within M).5 MeV of the height of their 
symmetric saddle point (point Z) and that both of these in turn are 
5 to 6 MeV below the height of the dominant first saddle point, which 
itself is symmetric (Mo76). Thus, in these cases, there is no
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FIGURE 2-5 CALCULATED MASS ASYMMETRY COORDINATE (M1-M2 )/M0 AT 
SECOND SADDLE POINT VERSUS EXPERIMENTAL FISSION 
FRAGMENT MASS RATIO M T/M_. From (M872).
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preference for asymmetric fission.
The good agreement between the predictions of the Möller-Nix
treatment and the experimental mass distributions is shown in Figures
2.5 and 2.6. Figure 2.5 shows the correlation between the calculated
mass asymmetry coordinate (Mi-Mo)/M at the second saddle point ando
the experimental fragment mass ratio M /M , for several actinide 
nuclei. The correlation is seen to be very good. If the mass 
distribution is assumed to be determined at the second saddle point, 
then the experimental peak-to-valley ratio should be related 
exponentially (by barrier penetration) to the difference between the 
energies of the second symmetric saddle point and the second 
asymmetric saddle point. This relationship is shown in Figure 2.6. 
Again, the correlation is good.
Further, the evidence from Figure 2.6 that the mass distribution 
is determined at or near the second saddle point may be contrasted 
with the proposition of the Statistical Model that the mass distribu­
tion is determined at the instant just before scission (section 2.3). 
This latter proposition is always hard to visualise conceptually 
because of the difficulty in transfer of nuclear matter through a thin 
neck.
As well as correctly calculating mass distributions, the 
macroscopic-microscopic treatment also reproduces experimental fission 
barrier heights to an accuracy of 1 to 2 MeV. Nuclear ground state 
masses and deformations are also correctly reproduced. Further, the 
results are similar for the two forms of single-particle potential 
used. All these considerations lend validity to the macroscopic-
microscopic approach.
P*ym otym t sod iod (MeV)
FIGURE 2-6 CORRELATION OF THE PEAK-TO-VALLEY RATIO IN EXPERIMENTAL 
FISSION MASS DISTRIBUTIONS WITH THE DIFFERENCE BETWEEN 
THE ENERGIES OF THE SYMMETRIC AND ASYMMETRIC SECOND 
SADDLE POINTS, FOR EVEN ACTINIDE COMPOUND NUCLEI. OPEN 
SYMBOLS ARE FOR NEUTRON-INDUCED FISSION, SOLID SYMBOLS 
FOR SPONTANEOUS FISSION. From (Mo73).
FIGURE 2•
1 1fE ,
1 E xcited sta tes
T u n n e llin g f\  /  
freq u en cy  \  /
/ E nergy o f  a n t i -  
\  sy m m e tric  state ( I
V — / ♦ E n erg y  o f  s y m m e tr ic  
\ J  sta te  ( 0 +) ^
V
----------w--------------- oo3
)
V
^  - 7 -  -  06 3
t
-----► 0 6  0
7 POTENTIAL ENERGY E AND WAVE FUNCTIONS ^ OF COMPOUND 
NUCLEUS AT SADDLE POINT VERSUS OCTUPOLE DEFORMATION 
PARAMETER 063. From (Ly6 8 ) .
20
2.5 ’Symmetric1 Fission Modes versus 'Asymmetric1 Modes
Chapter 1 reported the experimental evidence for the existence 
of 'symmetric' and 'asymmetric' modes in fission. This concept is 
that the symmetry or asymmetry of the nuclear wave function associated 
with each collective state at the saddle point determines the mass 
asymmetry at scission. The theoretical justification for this concept 
is as follows:
The compound nucleus at the saddle point is most probably pear­
shaped (St56,Jo61). The potential energy E of the nucleus as a 
function of the octupole deformation parameter ot3 (equation 2 .1 ) is as 
shown in Figure 2.7 (Ly6 8) . (013-type deformations are the lowest
order deformations which are asymmetric.) The potential energy curve 
shows local minima at finite values of a 3 (the saddle point). The 
zero-vibrational 'ground state' level (K = 0 ) and the first excited 
level (K = 1  mass asymmetry vibration) in the potential well are shown. 
Also shown are the nuclear wave functions ip associated with each level. 
Because E(a3 = 0) is finite, (ot3 = 0) for the ground state level is 
small but finite also. Thus a small amount of symmetric mass division 
(defined by a3 = 0 ) can occur when this level is open at the saddle 
point. In contrast, the wave function for the mass asymmetry vibration 
is zero at a 3 = 0. Thus, perfectly symmetric mass division is for­
bidden through this level.
In the present work, s-wave neutrons (& = 0, s = /2 ) are
incident on 239Pu (I = 1/z+) • Thus the 2t*°Pu compound nucleus has two 
possible spin states, J = 0 and J = 1 . The J = 0 resonant states 
cannot decay via the mass asymmetry vibrational level at the saddle 
point as this level is forbidden to them (see Table 1.1). The 
j = 0+ states decay predominantly via the ground state level - thus a
+small amount of symmetric mass division should be expected. The J = 1
21
States decay via the (K = 1 , J = 1 ) level at the saddle point 
(Table 1.1). This level is a combination of one quantum of mass 
asymmetry vibration with one quantum of bending vibration. Therefore 
symmetric mass division should be suppressed.
Chapter 1 showed that previous experimental evidence is in agree­
ment with the ideas described above. The relationship between the 
mass distribution results of the present work and the concept of 
'symmetric' and 'asymmetric' mass modes will be described in Chapter 8 , 
'Discussion'.
Each of the static treatments in sections 2.2, 2.3, 2.4 and 2.5 
is successful in predicting certain features of the fission process, 
with the macroscopic-microscopic treatment being the most successful. 
It is probable that the complexities of the fission process demand 
that each treatment play a role to some degree, with no single treat­
ment able to stand alone.
2.6 Calculations of Dynamical Effects in Fission
The discussion above has been restricted to static properties of 
the nucleus at the saddle point. However, the nucleus of course 
deforms beyond the saddle point to scission. To properly describe the 
motion in this region the dynamical effects of nuclear inertia and 
nuclear viscosity must be included. This topic has been given atten­
tion only in the last few years.
2.6.1 Nuclear inertia
Unfortunately, little is known about the behaviour of the nuclear 
inertia between saddle and scission. The nuclear inertia B is defined
by (Ni72):
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(2,18)
where T = total kinetic energy of system
B . . = an element of the nuclear inertia tensor B. iD
These elements are also called 'effective masses'.
q = set of N coordinates which specify the nuclear shape,
q = corresponding set of velocities,
The B.. are identical to nuclear moments of inertia . iD
A basic assumption of the Liquid Drop Model was that the nuclear 
fluid is irrotational. If this restriction is relaxed, it can be shown 
that the nuclear inertia increases (La45), i.e.
However, the amount of this increase is not well known. Empirical 
estimates which try to reproduce spontaneous fission half-lives have 
found that the true inertia is about five to ten times the irrotational 
value (Jo70). However, these calculations have been based on nuclear 
shapes close to spherical, rather than shapes with the large deforma­
tions found at and beyond the saddle point. More theoretical effort 
is needed in this field.
2.6.2 Nuclear viscosity
The expected effect of viscosity in fission is a dissipation of 
collective energy into energy of internal, single-particle degrees of 
freedom. This can be thought of schematically as a 'heating up' of 
the nucleus as it deforms from saddle to scission, i.e. a non-adiabatic 
process. Chapter 1 presented conflicting experimental evidence for
+The collective energy of a rotational band which is built upon a
vibrational level of energy ER , is EJK = \  + 2 ^ J(J+D , where / is 
the effective nuclear moment of inertia and J is the total angular 
momentum of the compound nucleus (Bo56).
t
„true „irrot B. . > B. .ij " ij (2.19)
Initial kinetic energy of I MeV in the fission direction
236U
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small and large values of viscosity in the 2 3 9Pu(n,f) system. In 
contrast with the situation for nuclear inertia, considerable progress 
has been made recently in attempts to calculate the amount of viscosity 
present in the fissioning system and its effect on fission properties 
(Da76,Wi73,Pa73). The most complete of these calculations, that of 
Davies et al. (Da76), will be briefly discussed here.
Davies et al. used a method similar to the macroscopic method of 
Moller and Nix (MÒ73) (discussed in section 2.4) to calculate the 
nuclear potential energy V in terms of the Liquid Drop Model. The 
treatment was restricted to high excitation energies where single­
particle effects are relatively small. The kinetic energy T is given 
by equation (2.18) above. Viscosity is introduced by means of the 
Rayleigh dissipation function F
F 1 N•r I  t i . . ( q ) q . q .
2 i,j=i 1 3 1  3
...(2 .2 0)
where n = an element of the viscosity tensor n. It may be shownij
(Go 59) that the rate of dissipation of collective energy into internal
t . •excitation energy is equal to 2F . The equation of motion of the 
system is obtained from the classical modified Lagrange equation
where L(q,q)
d j 3L_\ 3L _ -3F
dt 3̂q.. ) 3qi 3q± i — ( 2 . 21)
T(q,q)-V(q) is the Lagrangian for the system (Go59).
Equation (2.21) represents a system of N coupled nonlinear first-order 
differential equations. Davies et al. then integrated these equations
numerically to obtain their results.
Figure 2.8 shows their calculated effect of viscosity on the descent
from saddle point to scission for a 236U compound nucleus. It can be
^In classical mechanics the component fx of the frictional force in the x 
direction is proportional to the velocity component vx, fx = -rlxvx •
The viscosity tensor n is proportional to the two-body viscosity 
coefficient ]i (Da76) .
FIGURE 2*9 COMPARISON OF EXPERIMENTAL MOST PROBABLE FISSION 
FRAGMENT KINETIC ENERGIES WITH RESULTS CALCULATED 
ASSUMING DIFFERENT VALUES OF VISCOSITY COEFFICIENT 
y (CONTINUOUS LINES). NOTE THAT THE EXPERIMENTAL 
DATA ARE FOR FISSION AT HIGH EXCITATION ENERGIES, 
WHERE SYMMETRIC FISSION IS THE MOST PROBABLE MODE. 
From (Da76).
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seen that the larger the viscosity, the longer is the time required to 
reach scission (dashed shapes in figure). That is, viscosity causes 
the system to slow down. This is because part of the decrease in 
collective potential energy is converted into internal excitation 
energy, rather than into collective energy of relative motion of the 
two fragments. Figure 2.8 also shows that the scission configuration 
for the viscous 23^U nucleus is more elongated than for a non-viscous 
one. Both of these effects, the lower translational kinetic energy 
at scission and the more elongated scission configuration, act to
decrease the final total kinetic energy E of the fission fragments.K
The presence or absence of such an effect on measured fragment kinetic 
energies, and its magnitude, comprise an important part of the work of 
this thesis.
A value for the nuclear viscosity y can be found by comparing 
calculated and experimental most-probable fragment total kinetic 
energies for a wide range of nuclei at high excitation energies. The 
(Da76) result is shown in Figure 2.9. The continuous lines show the 
calculated kinetic energy values with different values assumed for y.
The value y = 0.015±0.005 terrapoise accounts for most of the experi­
mental data (1 terrapoise = 1012 poise). This value is the same as 
that obtained by Wieczorek et al. (Wi73) using a slightly different 
method. A viscosity of this size is about 30% of the value that is 
required to critically damp the quadrupole oscillations of idealised 
heavy actinide nuclei (Da76).
This rigorously determined value for nuclear viscosity is an 
important result. It should be noted however that, as well as consider­
ing high excitation energies only, the treatment
(i) Considers dissipation from two-body collisions rather 
than dissipation from nucleon collisions with the
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nuclear potential wall. Which of these two possibilities 
is correct is not well-known.
(ii) Considers only small oscillations about a sphere. The 
large saddle point deformations are not considered.
Thus the amount of viscosity present in low excitation fission systems, 
such as the 2 3 9Pu(n,f) system of the present work, may be different 
from that found above.
CHAPTER 3
TARGET PREPARATION BY THE METHOD OF ELECTROSPRAYING
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3.1 Introduction
To perform the fission fragment measurements of Chapters 5 and 
6 , thin, uniform targets of 239Pu and 235U were required. These 
targets were prepared by the author by the method of electrospraying.
The electrospraying method for the preparation of radioactive 
targets was first described by Carswell and Milsted in 1957 (Ca57) and 
has since been further developed by a number of authors (e.g. Br61, 
La63, Ro6 6). The method consists of applying a high d.c. potential 
between the backing material to be coated and the tip of a capillary 
tube which contains a solution of the material to be deposited in a 
volatile organic solvent. When the field is applied, the liquid is 
forced through the capillary tip and is broken up into very fine 
charged droplets. The solvent must be chosen sufficiently volatile 
to evaporate during passage from capillary to backing. The solid 
particles of material remaining after evaporation then adhere to the 
backing. Their adherence is good, because of their large acceleration 
in the high tension field.
The target backing material must be electrically conductive for 
the electrospray process to work. Therefore non-conductive backings 
must be coated with a thin metallic layer before use. The base of the 
capillary is commonly restricted by a wire with a diameter slightly 
smaller than that of the capillary. This is to ensure that the flow 
of liquid during the spraying is slow enough,to assist complete evap­
oration of the droplets in transit. Any liquid which strikes the back­
ing will spoil the targets by producing nonuniformities, i.e. 'blobs' 
of target material. The area of the target deposit can be chosen by 
geometrically masking the backing. The electrospraying technique can
FIGURE 3-1
SCHEMATIC OF ELECTROSPRAYING TECHNIQUE
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prepare deposits of thicknesses from a fraction of a yg cm” 2 up to 
several mg cm” 2 and of areas from a few urn2 up to hundreds of cm2.
For the very large area deposits the capillary is mechanically scanned 
over the backing in a grid fashion. A schematic of the electrospray­
ing technique is shown in Figure 3.1.
The electrospraying technique has a number of distinct advantages 
over other techniques of target preparation, e.g. vacuum evaporation 
and electrodeposition. It has high deposition efficiency (^90 to 100%), 
ease of recovery of unused material (from capillary and mask), and 
simplicity of operation. A disadvantage is that a chemical compound 
of the required target material is deposited.
3.2 The Electrospraying Apparatus
3.2.1 Target backing
The target backing material was chosen to be VYNS, a polymer 
consisting of 8 6% by weight vinyl chloride and 14% by weight vinyl 
acetate, of thickness 15 yg cm”2. Such a layer is self-supporting 
and also relatively robust. The VYNS was made electrically conductive 
by a covering layer of 10 to 15 yg cm“ 2 gold-palladium (90% Au-10% Pd) 
to enable the spray process to work. The VYNS was mounted on a 1 mm 
thick aluminium support ring of outer diameter 3.2 cm and inner 
diameter 2.0 cm. A few touches of silver paint on the edges of the 
ring ensured that the gold layer and the aluminium were in good 
electrical contact.
3.2.2 Capillary tube and high voltage source
A 21 gauge stainless steel hypodermic needle was used as a 
capillary tube. The bore diameter was 0.053 cm (0.021 in) and the 
needle length 3.5 cm. The needles have the advantages over glass 
capillaries of uniformity of bore and ready availability. The base 
of the needle was restricted by a 0.046 cm (0.018 in) thick platinum
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wire of about 2.5 cm length. Both pointed needles and needles with 
squared-off ends were used during various runs. However, no 
particular advantage of one type over the other was found. The 
needle was mounted on a 1 m£ capacity, graduated 'Luer' hypodermic 
syringe. The syringe served as a container for the spray solution.
A 0 to 15 kV positive d.c. supply was connected to the needle body. 
The supply unit was located outside the fume cupboard (see below). The 
target table was held at earth potential»
3.2.3 Target table
To give maximum uniformity of target deposition a moving target 
table was constructed. If the fixed spray direction is called the 
Z-axis, then the table moved simultaneously in the X and Y directions 
with greatly dissimilar speeds, viz 10 cm s“ 1 (i.e. 1 cycle s *) in 
the X-direction and 1 cm min”  ̂ (1 cycle per 10 min) in the Y-direction. 
The movement was provided by two small, reversible, synchronous 
electric motors, one for each direction, mounted on the outside walls 
of the glove box (see below).
Four target support rings could be mounted on the target table 
for a given spray run. Each target spent the same amount of time 
under the spray and thus four identical targets could be prepared in 
each run. The target backings were physically masked to a central 
circular area of 1.3 cm (iDe. diameter 1.3 cm) by a brass plate 
which could be accurately and reproducibly positioned on the table.
3.2.4 Safety precautions
The main safety hazard was of course the radiological hazard 
associated with the use of plutonium-2 39 and, to a lesser extent, 
uranium-2 35. The amount of 239Pu used in a single spray run was 
^250 yg (see section 3.3) . An amount of 30 yg 239Pu which enters 
the human lung gives a 1 0 % chance of a fatal cancer occurring over 
some 30 years (En78)0 Therefore the spraying apparatus was enclosed
FIGURE 3*2 VIEW OF ELECTROSPRAYING APPARATUS THROUGH FRONT OF GLOVE 
BOX. THE TARGET MASKING PLATE IS SHOWN IN POSITION.
THE TRANSFER PORT CAN BE SEEN TO THE LEFT OF THE PHOTO. 
THE HANDLING GLOVE IS TO THE RIGHT, OUT OF VIEW.
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in a rigid Perspex glove box, 46 cm wide by 61 cm high by 46 cm deep.
The glove box itself was placed inside a fume cupboard located in a 
prescribed *Plutonium Laboratory*. Transfer of targets etc. to and 
from the glove box was effected through a transfer port on the side 
of the box. After preparation, each target was fitted into its own 
sealable target holder before removal from the glove box. The electro­
spraying program was arranged so that considerable experience was 
gained by the author in spraying inactive solutions such as pure 
methanol, copper chloride CUCI2 .2H2O, and the relatively inactive 2 3 8U, 
before proceeding to spray 235U and finally 2 3 9Pu.
A second hazard was that of explosion and/or fire in the glove 
box, associated with the simultaneous presence of vaporised methanol 
and high d.c. voltages. To prevent this, a slow stream of argon gas 
was continuously passed through the glove box during operation. This 
served to stop the buildup of methanol vapour, flushing it out through 
an exit tube at the top rear of the box and thence up the vent of the 
fume cupbo ard.
Formal approval of the Safety Assessment Committee at the AAEC 
was necessary before the spraying could commence (Safety Approval No.78/3) .
Figure 3.2 is a view of the electrospraying apparatus through 
the front of the glove box. The target masking plate is in position.
3.3 Preparation of 239Pu and 235U Targets
3.3.1 The spraying solution
The correct choice and proper preparation of the 239Pu solution 
to be sprayed were of great importance. The solution was chosen to 
be one of 2 39Pu-acetate rather than of the nitrate form, as is some­
times used in the preparation of other actinide targets. Plutonium-239- 
nitrate is hygroscopic, and in time crystallises out to give white 
lumps on the target surface with accompanying deterioration of the
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VYNS backing . Plutonium-239-acetate is not hygroscopic.
The solvent used, methanol, has low surface tension which 
facilitates the formation of very small drops, low vapour pressure 
which assists evaporation in flight, and low viscosity which permits 
a reasonable flow rate.
The method of preparing Pu-acetate solution from the PuC>2 start­
ing material available was as follows (Pa78):
Pu02 was dissolved in a minimal volume of 7.5M HNO3 and 
reprecipitated with a small excess of ammoniac. After 
complete precipitation one more drop of ammoniac was 
added. The supernatant solution was removed and the 
precipitate mixed with water which contained some drops 
of NH^OH. Shake well. This procedure was repeated at 
least ten times. The precipitate was then smoothly 
dried but not excessively, as excessive drying leads to 
insolubility. A small excess of fresh, concentrated 
acetic acid was then added. The precipitate was again 
dried and finally dissolved in methanol to a concentra­
tion of about 0.5 mg Pu/m£.
During the above procedure great care was taken to ensure that the 
final solution contained no traces of Pu-nitrate.
3.3.2 Parameters used and results 
The best values for the various parameters in the Pu and U electro­
spraying were established beforehand by trial-and-error with inactive 
solutions (mainly Cu C12 .2H20 in methanol; 0.5 mg/m£) and are listed in 
Table 3.1. A small light source on the remote side of the spray from 
the observer permitted the spray at the needle tip to be seen m  the 
transmitted light. The d.cQ voltage which produced the most stable 
spray 1 cone1 was determined and used in that particular run.
*̂The initial 2^9Pu targets purchased for the experiment, from Central 
Bureau for Nuclear Measurements, Geel, Belgium, proved unsuitable 
because of the presence of 2 3 9Pu-nitrate.
4*
FIGURE 3-3 MAGNIFIED VIEW  OF C u C l2 
TARGET. ( MAGNIFICATION x  3000 )
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Concentration of solution 0.5 mg/m&
Distance: needle tip to target mask 2.0 cm
Voltage 8-10 kV +ve d.c
Spray rate 15-20 y& min” 1
Volume sprayed per run ^0.5 m£
Table 3.1
Best Values of Parameters in Electrospraying
Slight adjustments to the voltage were usually necessary to maintain 
stability throughout the run. A large number of CuCl2 targets, each 
produced with different values of the operating parameters of Table 3.1, 
were examined under a microscope for target uniformity and particle 
size. The best such targets thus indicated the desired parameter 
values. Figure 3.3 is a magnified view of a good CuCl2 target as seen 
with a scanning electron microscope (magnification x 3000). The 
particle size is typically ^ 1 y and their uniformity of spread is good. 
It is reasonable to assume that the particle size and uniformity of the 
239Pu targets prepared were similar to those of Figure 3.3.
The operational procedure was to:
(i) position hypodermic needle vertically above centre of 
target mask,
(Ü) fill hypodermic syringe to desired volume and wait
until a liquid drop formed under gravity at needle tip,
(iii) immediately set target table in motion then turn on 
high voltage,
(iv) spray until all solution spent.
Focusing of the spray was investigated during the CuCl2 runs by 
use of a metal cone surrounding the needle and held at the same 
electric potential. However, no particular improvements in uniformity
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were observed and the focusing was therefore dispensed with.
About 50% of the total mass sprayed in a run went onto the four 
targets. This figure was measured by graying a known mass of 
CUCI2 .2H2O onto four aluminium discs in the target positions. The 
discs were weighed before and after the run on a 'Mettler' micro­
balance o Alpha counting of the 239Pu targets prepared, both with a 
calibrated hand-held monitor and in the final experimental chamber, 
gave agreement with this 50% figure. The majority of the unused 50% 
went onto the target mask.
Eight 03Pu targets were prepared. The best two of these, by eye, 
were irradiated with neutrons in a test chamber containing a surface 
barrier detector. Consideration of the resulting fission fragment 
pulse height spectra enabled the better of the two to be selected for 
the fragment mass and kinetic energy measuremento The pulse height 
spectra showed good peak-to-valley ratios ('Wil) and absence of a low 
energy tail from fragment self-absorption in the target (see Figure 5.5). 
This showed that the quality of the 239Pu targets was good, from the 
point of view of thinness and uniformity. The mass of the final target 
chosen was 15±2 yg, with a thickness of ^12 yg cm”2.
The 235U target used in the measurement of Chapter 6 was not 
prepared with the target table described above„ This was because 
shortly after the 239Pu targets were prepared, the 'Plutonium Labora­
tory' became unavailable for an extended period to permit structural 
modifications to be madeQ Therefore, the 235U target used (2 3 5U- 
nitrate) was one prepared some years previously with an earlier version 
of the target table - a version which rotated at constant speed of 
2 revolutions min” 1 about the Z-axis under the hypodermic needle.
This resulted in poorer target uniformity than that of the two- 
directional X-Y movement table0 This fact, combined with possible
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'ageing* effects of the 235U target , resulted in a degraded fission 
fragment pulse height spectrum, because of self-absorption in the 
target. However, the data analysis procedure used enabled the effects 
of this degradation to be overcome (see Chapter 6 ).
*‘*2 35y_n^̂ -ra-t:e is weakly deliquescent, i.e. will absorb moisture over a 
long enough time, with resultant loss of target uniformity.
CHAPTER 4
THE TRIPLE-AXIS SPECTROMETER
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4.1 Theory and Pactice of Operation
To obtain monoenergetic neutron beams at the resonance energies 
required, a triple-axis neutron spectrometer was used. The spectro­
meter is situated on the ' 10H' horizontal facility of the 10 MW 
reactor HIFAR.
Neutrons in thermal equilibrium with the moderator of a reactor 
at absolute temperature T have a Maxwellian distribution of velocites:
dn = v2 exp(-v2/v2)dv , ...(4.1)
°o
where dn = number of neutrons per unit volume in the
velocity range dv at velocity v, 
n = total number of neutrons per unit volume, and 
v^ = most probable velocity.
Further, at absolute temperature T the neutrons have average energy
1 7—  kT x 10 J per degree of freedom or an average translational
3 7kinetic energy —  kT x 10“' J. (k = Boltzmann's constant =
1.380 x 10” 23 J/degree.) vq corresponds to a kinetic energy kT (Hu53).
/ 2k T \ % l. 5̂ — lThus v = (---) = (1.648 x 10H T) ms 1. (m is the neutron mass =o k m y
1.675 x 10“ 27 kg.) The effective temperature of the moderator in HIFAR
is 349±5 K (Cu63). Therefore v = (1.648 x 349 x lO3 4)^ = 2398±17 ms“ 1o
which corresponds to an energy of 0.0301±0.0005 eV.
It can be shown that the neutron flux distribution d(nv) in the
moderator, i.e. the number of neutrons per cm2 per second at energy E
to E+dE, is identical to that of equation (4.1). Also, the flux
distribution in a neutron beam formed by a hole that opens into the
moderator is the same as that in the moderator. Therefore the neutron
flux distribution in the 10H facility is as shown in Figure 4.1 (from
equation 4.1), with the most probable flux occurring at 0.0301 eV.
Superimposed on this thermal distribution is the jj—  spectrum of
n
FIGURE 4-1 NEUTRON FLUX DISTRIBUTION IN HI FAR 
10H FACILITY (SCHEMATIC)
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FIGURE 4*2 SCHEMATIC DIAGRAM OF TRIPLE “ AXIS SPECTROMETER
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'resonance' neutrons. This spectrum represents neutrons not fully
thermalised by the moderator. Using the formalism of (Con63), it can
be calculated that for an effective neutron temperature of 349 K this
spectrum makes a contribution for £0.1 eV and decreases with
energy as -- . The resonance spectrum is also shown in Figure 4.1.En
At still higher energies the resonance contribution intersects with 
the contribution from unmoderated fission spectrum neutrons.
A monoenergetic beam of neutrons is selected from the distribu­
tion of Figure 4.1 by the method of neutron diffraction (also called 
'Bragg reflection'). A neutron beam incident on a crystal is 
diffracted for values of A given by
nX = 2d sin0 .(4.2)
where 0 = glancing angle of incident beam with crystal
lattice plane, for n order diffraction, 
d = spacing between the crystal lattice planes
involved in the reflection, and
, ,  ̂ h 0.286 A QX = neutron wavelength. À = —  = -----  (for A m  A,
mv A T
E in eV) .
From equation (4.2) the beam energy spread dE is given by
5ËL = = _2cot0d0
E A
...(4.3)
d0 consists of contributions from the finite range of incident beam 
angle, the size of the collimator aperture, and the mosaic spread 
of the monochromator.
A schematic diagram of the triple—axis spectrometer is shown in 
Figure 4.2. Axis 1 of the spectrometer, the axis which carries the 
target chamber, is set at the appropriate angle 20 to receive the 
reflected monochromatic beam. For a given lattice plane the 20 value 
defines the energy of the beam. For a particular energy required,
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the 20 value is read-off from the calibration tables of the spectro­
meter (El70). The germanium crystal monochromator is set at the 
appropriate angle 0^ to scatter the beam through 20 from the selected 
lattice plane. The 0 values are also given by the spectrometer 
calibration (E170) .
The reflected beam is collimated by two apertures of boroflex 
(Bi+C in a plastic matrix) situated at 152.5 and 211 cm respectively 
from the monochromator. The boroflex thicknesses were 2 mm for the 
inner aperture and 6 mm for the outer. 6 mm boroflex gives neglible 
transmission to neutrons of any energy. The aperture diameters were 
both 1.4 cm. This produced a beam of uniform density 1.4 cm in 
diameter at the fissile target position, with a linear fall-off in 
density to zero at a calculated diameter of 1.9 cm. 'Photographs' of 
the beam were taken by allowing the beam to strike a high speed 
Polaroid camera suitable for slow neutrons. These photographs showed 
the beam to be circular and confirmed the maximum diameter as 1.9 cm.
Whereas the triple-axis spectrometer permits up to three separate 
reflections from three separate monochromators in order to reduce the 
energy spread of the final beam, only one reflection was used in this 
work. Further reflections would have reduced the beam flux to a level 
too low for the e:jq?eriment. Even with just one reflection, the 
maximum energy spread of the reflected beam was only 6 .8% (FWHM) (see 
section 4.2).
The dimensions of the Ge monochromator were 4 cm high x 6 cm wide 
x 0.8 cm thick. The main beam from the reactor, 5 x 6.5 cm in size 
at the monochromator, thus irradiated the whole of the monochromator­
generating, in principle, a uniform source to be seen by the fissile 
sample. The collimator in the 10H facility produces a beam divergence 
of 1° (FWHM) at the monochromator. Germanium was used as the
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monochromating material because, for odd index planes, it produces no
77 or 7- components of the main reflected beam (of wavelength A) . This
feature is a special property of the germanium crystal structure.
Proof of the absence of the —- , 7- components is given in Appendix B .
Thesehigher order components ~  (n =1,2,3,...) of the main beam A arise
from reflections from higher order planes in the crystal. For example,
for fixed 0, if the main A component arises from the (111) plane, the
—  component arises from the (n,n,n) plane. The energy of this —  n n
component is n^ times that of the A component. Obviously, it is 
important to have these 'background' components as low as possible.
The ~  component would have had energies 0.132, 0.324 and 1.184 eV for 
the three neutron energies used. The first two of these values lie in 
or close to the energy region being investigated. Determination of the 
amount of higher order components for Ge , ... etc.) is
described in section 4.3
The monochromator is surrounded by 15 cm depleted uranium (̂  U) ,
30 cm lead and 152.5 cm borated paraffin as a biological shield. The 
borated paraffin enclosing the third (unused) monochromator table was 
used as a beam stop. The mobile parts of the spectrometer weigh 
12 tons and the fixed supports 10 tons. Positioning of the spectro­
meter to the required angles 26 and is controlled by a PDP- 8  computer 
and attached teletype. The spectrometer is moved by d.c. electric motors 
and the absolute precision in positioning any axis is ±0.01 . The 
gearing ratios of the drives are very high, because of the heavy mass
involved.
The values of the spectrometer parameters used to obtain the neutron 
energies 0.033, 0.081 and 0.296 eV for the 2 3 9Pu(n,f) measurement are 
given in Table 4.1 The reason for using both (111) and (113) planes m  
the germanium was to enable all neutron energies required to be obtained
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within a single range limit (10° < 20 < 45°) of the spectrometer. When 
changing between the (111) and (113) planes the monochromator tilt was 
manually changed also, to keep the reflected beam exactly horizontal.
Neutron
Energy
(eV)
Neutron
Wave­
length
(8 )
Ge
Plane^ 0 ° M
oCDCN Monochro­mator Tilt 
(rel. units)
0.033 1.58 (1 1 1 ) 43.20 27.90 450
0.081 1 . 0 1 (1 1 1 ) 38.11 17.73 450
0.296 0.528 (113) 8 . 8 6 17.73 400
^Refer Appendix B
Table 4.1 Values of Spectrometer Parameters Used 
for 2 3 ^Pu(n,f) Measurement
For the runs at 0.033 eV, a 233Pu filter was used to eliminate 
A othe —  component. 0.033 eV x 3^ = 0.297 eV, almost exactly equal to 
the large resonance in 233Pu at 0.296 eV. The filter consisted of
3.6 g 233Pu encapsulated in a thin piece of aluminium 5 cm square.
The filter was placed in the beam on the exit side of the second 
boroflex aperture. The filter was sufficiently thick to absorb all 
the -j component.
4.2 Energy Spread and Energy Accuracy of Neutron Beam
Equation (4.3) gives the relative energy spread for the whole of 
the reflected beam. The final energy spread however is mainly
determined by the acceptance angle which the fissile target presents 
to the monochromator. The inner aperture restricts the diameter of 
monochromator seen by the fissile target to 3.9 cm. Therefore, for 
a target of diameter 1.3 cm, at 241 cm from the monochromator (of
effective diameter 3.9 cm), this is A0 = ---- jil----  radians - 0.62
(FWHM) = ±0.31°. Reference to the spectrometer calibration tables 
(E170) then gives the energy spread for each neutron energy used.
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These values are listed in Table 4.2 and are seen to be small - between
±2.1% and ±3.4% (AE /E ). Because the mosaic spread of the monochromatorn n
is small (Mt° FWHM) , the effect of the initial beam divergence (1° FWHM) 
on the beam energy spread is small, since beams of larger divergence are 
not reflected into the acceptance angle of the fissile target.
En
(eV)
AEn
(eV;
*2 x FWHM)
AE /E n n
(%,
h x FWHM)
0.0330 ±0.0007 ±2 . 1
0.0807 ±0.0028 ±3.4
0.296 ±0 . 0 1 0 ±3.4
Table 4.2 Energy Spread of Neutron Beam 
The accuracy of the mean beam energy, as distinct from the spread 
in energies about that mean, is determined by the precision with which 
the monochromator can be set to the absolute angle 0 required at a 
given energy. This precision is ±0.04 (E170). Reference to the
calibration tables then defines the errors on the mean energies and 
these are given in Table 4.3.
En
(eV)
Error in En
(eV)
% Error
0.0330 ±0 . 0 0 0 2 ±0 . 6
0.0807 ±0.0007 ±0.9
0.296 ±0.0026 ±0.9
Table 4.3 Error on Mean Energy of Neutron Beam 
As a check on the neutron energies given by the spectrometer 
calibration tables (E170), a pulse fission chamber ('Twentieth 
Century' type FC4B), containing 300 Pg cm ' Pu oxide on the 
cathode, was placed in the neutron beam and the spectrometer positions
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26* 6.. varied to scan the 239Pu resonance at 0.296 eV. The Ge (113)M
plane was used. A large peak in the fission count rate was observed
at 20 = 17.7±0.1°, in excellent agreement with the value 20 = 17.73°
for = 0.296 eV, as given in the calibration tables. A check was 
also made at low neutron energy by insertion in the beam of a
beryllium filter (consisting of a cylinder of crystalline beryllium
5 cm in diameter and 10 cm long, sealed in an aluminium can) and
monitoring the neutron flux at E = 0.0049 eV and E = 0.0053 eV , n n
with a BF3 counter. A decrease in flux was observed at 0.0053 eV
compared with 0.0049 eV. This agreed well with the known neutron
absorption cross section of Be, which increases rapidly with energy
at E M3.005 eV. n
4.3 Measurement of Neutron Background
At any particular neutron energy the major source of background 
neutrons consisted of (i) those from elastic scattering of the main
reactor beam on the monochromator (i.e. non-Bragg reflection) and
X X X(ii) those associated with the —  , —  , —  ... Bragg reflected components
3 4 D
of the X beam. The main reactor beam contains higher energy neutrons, 
as well as the 'thermal1 neutrons which are in thermal equilibrium with 
the moderator. These higher energy neutrons are ones which have been 
only partially moderated. The elastic scattered background from the 
main beam was measured at each neutron energy by rotating the mono­
chromator +4 ° from its 0^ value specified for that energy, with 20 
left unchanged at its specified value. In this position, for both 
Ge(111) and Ge(113) planes, no Bragg reflected neutrons can geometric­
ally reach the target chamber. The fission coincidence rate (refer 
Chapter 5) was then measured and compared with the normal rate when
0 is at its specified value. It was found that fission events from 
M
elastic scattered neutrons contributed less than 0.3% to the normal
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fission rate, at any energy. Rotation of the monochromator by -4
from the specified 0., gave the same result.M
The amount of —  , ^  - , ... components of the A beam was
determined by using a piece of pyrolitic graphite (i.e. graphite with 
low mosaic spread for the reflection plane involved) in the A beam at 
the position of the third monochromator table (table 3) (E177). The
various components undergo Bragg reflection from the graphite at 
various known angles. A cylindrical BF3 neutron counter with known 
efficiency versus neutron energy characteristics, was mounted on axis 3 
of the spectrometer and table 3 and axis 3 rotated to measure the 
relative contributions of each component. Assuming that the reflectivity
o*f*of the graphite crystal varies as X , the total (summed) amount of 
—- , components present was only 0.5% of the main A component, for
= 0.081 eV. For 0.033 eV the —  , ^ components represented 2% of the
A o oqtotal and the —  component was effectively reduced to zero by the Pu
. A A A  .filter. For 0.296 eV the proportion of — , —  , —  components was calcu­
lated from the —  fall-off of the 'resonance' flux and was found to be E
n A<2% of the main component. For all these energies, higher order — ,
—  , ... etc. components are negligible.8
4.4 Measurement of Neutron Flux Distribution Across Fissile Target
For the measurements of Chapters 5 and 6 the neutron flux distribu­
tion across the face of the fissile target should be the same at the 
different neutron energies used. If this were not the case, the 
measured fragment kinetic energies could be shifted by changes in the 
distribution of energy loss of the fragments in the target and backing
+The 'reflectivity' or 'scattering efficiency' to neutrons of a crystal 
as a function of wavelength A is not well known. It is usually 
estimated to vary as A2 or A3 or somewhere between these limits. The 
A 3 assumption above is a 'worst case' from the point of view of 
minimising the A/n contaminants.
(a) SPATIAL
GOLD FOILS
1-4 cm
____ J L
(b) RADIAL
SPATIAL -
RADIAL -
FOIL No. FOIL MASS ( mg )
ACTIVITY 
(Bq mg'1 )
DEVIATION 
FROM MEAN 
ACTIVITY ( 7 . )
1 56-65 10-5 +  11-7
2 61-2 8-1 -  13-8
3 57-9 9-7 + 3-2
MEAN 9 -4 MEAN 9 - 6 *
4 69-25 13-0 + 7-4
5 71-98 12-8 + 5-8
6 161-45 10-4 -  14-0
MEAN 12-1 MEAN 9-1 *
*  MEAN OF ABSOLUTE PERCENTAGE DEVIATIONS
FIGURE 4 -3
ARRANGEMENT OF GOLD FOILS FOR MEASUREMENT OF NEUTRON 
FLUX DISTRIBUTION ACROSS FISSILE TARGET. ( a ) SPATIAL. ( b) RADIAL . 
THE TABLE GIVES TYPICAL COUNTING RESULTS FOR En = 0 -0 3 3 eV.
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foil. Ideally, the neutron flux distribution across the target 
should be flat as well.
To measure the flux distribution, discs of gold foil (thickness 
0.01 cm, diameter 0.65 cm) were placed in the beam at the outer boro- 
flex aperture, in the arrangement shown in Figure 4.3(a) . The foils 
were irradiated for between 8 and 16 hours and counted afterwards in 
a 4tt $-y coincidence counter. This technique is based on the reaction
_ Tj = 65 h
1 9 7Au + n ----------► 1 9 8Au * — ------- ► 198Hg ...(4.4)
° 3“ , Y
A second arrangement was to place a sheet of 0.01 cm thick gold foil 
fully across the aperture and, after irradiation, to cut it into a 
central disc and two outer annuli as shown in Figure 4.3(b). These 
three pieces were then $-y counted separately. Use of the two arrange­
ments provided data on the spatial flux distribution and on the radial 
flux distribution from the beam centre outwards. Some typical count­
ing results at = 0.033 eV for each arrangement are given in the 
table of Figure 4.3. A number of runs at energies = 0.033, 0.081 
and 0.296 eV showed the beam to be uniform across the target surface 
to within ± 1 0 %, and no dependence of flux distribution on neutron 
energy was observed.
As a check on these conclusions the radial distribution of fission 
events in the target was measured. This was done by using boroflex 
apertures attached to the outside wall of the fission chamber to 
effectively mask off all but a central, well-defined area of target 
from the beam. By varying the aperture diameter, the area of target 
'seen' by the beam was varied. The fission fragment coincidence rate 
was measured for each aperture diameter, for all three neutron energies. 
For a flat flux distribution across the target, the coincidence rate 
should be linearly proportional to the area of target irradiated.
AREA OF TARGET EXPOSED TO BEAM (cm2 )
FIGURE 4-4
RADIAL DISTRIBUTION OF FISSION EVENTS IN FISSILE TARGET. 
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Figure 4.4 shows the data for the 0.081 and 0.296 eV runs. The left 
hand ordinate shows the ratio of masked target coincidence rate to 
the rate with no masking, while the right hand ordinate shows the 
ratio of target area irradiated to total target area. The agreement 
between fractional coincidence rate and fractional area is good, in 
each case. (That is, at each energy the slopes of the continuous 
and dashed lines are approximately equal.) Data at 0.033 eV gave 
similar results.
The absolute neutron flux was determined from the fission rate
in the remote detector of the 239Pu kinetic energy measurement of
Chapter 5, and the known target-detector geometry. The flux at
E = 0.033 eV was M  x 105 neutrons cm- 2  s”1. The 239Pu filter n
used for the 0.033 eV measurements reduced this intensity by a
further 40%.
CHAPTER 5
MEASUREMENT OF MASSES AND KINETIC ENERGIES 
OF 239Pu FISSION FRAGMENTS
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5.1 Principle of the Method
The measurements were made at neutron energies E = 0.033, 0.081n
and 0.296 eV, an energy region similar to that used in the fragment
kinetic energy study of Toraskar et al. (To71). At 0.296 eV a large,
well-known J = 1+ resonance exists for 2 3 9Pu(n,f), as shown in
Figure 5.1. The only other level with significant strength in the
energy region of Figure 5.1 is the J = 0 bound level below the
neutron binding energy (Vo60). For decreasing values of E^ below
0.296 eV, the relative proportion of J = 1 fission increases. The
proportions of fission occurring through the (J,K,tt) channels open at
E = 0.033, 0.081 and 0.296 eV were calculated from the Breit-Wigner n
single level formula (Wi46) and from the 239Pu total and fission 
cross section data of Derrien et al. (De70) . This calculation is 
shown in Appendix A and the results given in Table 5.1. In this 
calculation no assumptions need be made concerning the resonance 
parameters of the bound J = 0+ level. The accurately known resonance 
parameters of the J = 1+ level at 0.296 eV (BN73) give absolute values 
for af (J = 1+) . The total fission cross section is also known 
accurately (Gw71). Therefore their difference gives af (J - 0 ) .
Relative (J,K,tt) Strength %
En
(eV) K (1'li+) * E = 1.25 MeVc
(0 ,0 ,+)
E = 1.0 MeV c
(0 ,0 ,+)
E = 0.0 MeV c
0.296 92 0.9 7.1
0.081 60 4.6 35.4
0.033 46 6 . 2 47.8
*E^ values from Table 1.1 and Appendix A c
Ta^le 5.1 Proportions of Fissions Through 
each (J.K.Tr) Channel at En = 0.033, 0.081 and 0.296 eV
1 • Oxl 0^
c r  , ( b )  crn
1 . 0
0 .033  0.081 °-2 9 6
Vi -
T
44+4 1 I Mr r002 010 . 1 0EnCeV) I'oO
239FIGURE 5-1 NEUTRON FISSION CROSS SECTION CTnf FOR ~ ~ p u.
THE ARROWS SHOW THE ENERGIES USED FOR THE PRESENT MEASUREMENTS. ( FROM BN 76 )
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The principle of the experimental method was to measure fragment
kinetic energies and masses at E = 0.033, 0.081 and 0.296 eV, to seen
how much E changes due to changes in the relative J = 0+ and 1+ix
contributions. From the data of Table 5.1, the E difference betweenK
■j"pure J = 0 and 1 levels is related to the measured kinetic energy
change between E = 0.033 and 0.296 eV, viz. AE = E (0.033 eV) - n K K
E (0.296 eV), by K
Ai = x (0.92-0.46) + (0.009-0.062) ...(5.1)
i\ 1 *25
™ *f •• *4*where x = E (pure J = 0 ) - E (pure J = 1 ) .K. K
5.2 Experimental Apparatus
The masses and kinetic energies of the fission fragments from
2 3 3Pu(n,f) were determined by measuring the pulse heights, in 
coincidence, of complementary fragments in two surface barrier 
detectors. The pulse heights were analysed 'on-line' and 'off-line' 
by computer to obtain the required masses and kinetic energies. The 
neutron energy was varied by changing the parameters of the triple­
axis spectrometer. The details of the triple-axis spectrometer and 
the neutron beam were described in Chapter 4.
5.2.1 Fissile target
The high-purity 239Pu target material was supplied by Oak Ridge 
National Laboratory, USA. Table 5.1b lists the isotopic abundances of 
the nuclides present. Table 5.1b also summarises other details of the 
target and support ring. The preparation of the target by the method 
of electrospraying was described in Chapter 3. The mass of the Pu 
was determined by measuring the alpha particle rate in a surface 
barrier detector which subtended known geometry with the target. This 
was done both in a test chamber (see section 3.302) and in the chamber 
of the actual experiment. The half-life for * 233Pu alphas is 24 360 
yearso The mass of 239Pu in the target was found to be 15±2 yg.
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i s o t o p e i s o t o p i c  A b u n d a n c e  (%) Physical Details
23 8pu <0.0016 Diameter of 23^Pu 1.3 cm
239pu 99.973 Inner diameter of 
support ring
o•CM cm
240pu 0.027 Mass of 239Pu 15±2 yg
241Pu 0.0001 Thickness of 23^Pu VL2 yg _2cm ^
2 “ 2 p u 0 . 0 0 0 1 Thickness of back­
ing foils VYNS 15 yg -2cm
24i+pu <0.0001 Au-Pd 10-15 yg -2cm
2 sqTable 5.1b Details of Pu Target
5.2.2 Fission fragment detectors
Complementary fission fragments were detected in two silicon 
surface barrier detectors. A silicon surface barrier detector con­
sists of a wafer of (usually) n-type high purity silicon with a thin 
p-type layer on the front surface. This produces a p-n junction 
diode. Electrical contact to the diode is made by a thin evaporated 
layer of gold (rectifying) on the p-type surface and a thin layer of 
aluminium (non-rectifying) on the rear surface. If an external reverse 
bias is applied to the diode, an electric field will be set up within 
the silicon, extending from the p-type front face to a distance d into 
the interior. d is the 'depletion depth', i.e. the depth of the 
sensitive region. A charged particle entering the silicon will lose 
energy by creating free electron-hole pairs at the rate of one pair 
per 3.5 eV. These charge carriers are separated by the electric field 
to produce a total charge pulse. The rate of charge carrier formation 
is independent of particle energy and ionisation density. Therefore, 
provided the depletion depth of the detector exceeds the range of the 
particle in silicon, the detector response (pulse height) is linear 
with energy over a wide range of energies.
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The detectors used were ORTEC 'F Series Heavy Ion. Detectors'.
These consist of n-type silicon, with resistivity typically 300 ft-cm. 
They are partially depleted, with depletion depth 60 ym. The front
Oand rear gold and aluminium layers are each 40 yg cm thick. F 
series detectors are specially processed to withstand high electric 
field strengths of ^15 000 V cm” 1 at the front surface without intro­
ducing surface multiplication ('breakdown') effects. The two detectors 
were operated at reverse biases of +75 V and +140 V supplied by dry 
cell batteries (for good voltage stability). The leakage current 
from each detector was monitored continuously during the experiment 
and was typically M).5 yA. Detector resolution is typically 40 keV 
(FWHM) for a 5.5 MeV alpha particle.
The 4 cm^ active area of the detectors was masked to 3 cm2 by 
shimmed edge aluminium collimators. This was to prevent fragments 
from striking the extremities of the detector face near the mounting 
body and thereby producing possible 'edge effects' (e.g. abnormal 
pulse heights).
5.2.3 Target chamber
The fissile target and detectors were housed in a target 
chamber of hard aluminium. The chamber was of cylindrical shape, of 
diameter 12 cm and height 12 cm. The chamber was evacuated to a 
pressure of ^2 x 10  ̂ torr by a vacion pump. For safety reasons, 
before use in the esgperiment, the chamber was pressure tested in a 
pressure vessel to an excess of 3 atmospheres of pressure outside 
over that inside. This compares with the differential of only 
1 atmosphere present during the experiment. Because of the fragility 
of the VYNS backing foil, it was necessary in the experiment to 
evacuate the chamber very slowly through a 'needle' valve. A rotary 
pump was used for this purpose to reduce the pressure to ^ 1 0” torr.
FIGURE 5*2 (a) SCHEMATIC DIAGRAM OF TARGET CHAMBER, 
(b) ORIENTATION OF NEUTRON BEAM AND 239 Pu TARGET.
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This normally required a minimum of 16 hours. At 10“ 2 torr, pumping 
was transferred to the vacion pump.
Figure 5.2(a) shows the arrangement of target and detectors 
inside the chamber. The detectors were situated 2.0 cm and 4.0 cm 
from the 23^Pu target. These distances are made unequal to reduce 
discrimination against fission events in which one fragment emits a 
large number of neutrons and is thereby given a larger angular dis­
persion than normal. In the above geometry, 90% of fragments detected
by the remote detector had their complementary fragments detected by
othe close detector. The fissile target is inclined at 45 to the 
line joining the two detectors and to the direction of the neutron 
beam. The uniform core of the beam, of diameter 1.4 cm, irradiates 
the whole of the target, as shown in Figure 5.2(b). The target chamber is 
fixed to the triple-axis spectrometer by an iron framework. To align 
the centre of the fissile target with the centre of the neutron beam, 
a cylindrical alignment rod with bore equal to the diameter of the 
neutron collimator is inserted in the collimator. A cross-hair on 
the chamber wall is then aligned exactly with the pointed end of the 
alignment rod. Figure 5.2(c) shows a photograph of the target 
chamber mounted on the spectrometer.
The chamber contained a viewing port to enable the ^OJPu target 
to be viewed by its reflection in a small mirror attached to one of 
the detector supports. This was to observe any signs of foil break­
age. The pumping line between the chamber and the rotary pump con- 
contained two porous metal filters to trap any VYNS pieces (possibly 
bearing 2 3 9Pu) that may escape from the chamber in the event of foil 
breakage. The exhaust line of the rotary pump fed into the HIFAR 
active ventilation system. The working limit for alpha discharge into 
this system, 10 yCi/day, is a factor of 11 greater than the total
FIGURE 5-2 (c )
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amount of 239Pu in the chamber (0.9 yCi) . Formal approval of the 
Safety Assessment Committee at the AAEC was necessary before the 
experiment could be commenced (Safety Approval No. 77/19).
5.2.4 Electronics
A block diagram of the electronic circuit is given in Figure 5.3. 
Analogue pulses from the fragment detectors are amplified by charge­
sensitive preamplifiers, further amplified, and then digitised in 
1024 channel analogue to digital converters (ADCs). The data is 
finally recorded, event by event, on 9-track magnetic tape. 'Time- 
pickoff' units for the detectors provide 'fast' signals for gating 
purposes. The threshold level of the time-pickoff units was set 
above the level of the natural alpha pulses from the Pu. A 
coincidence between the two fast signals opens a gate to allow the 
two analogue pulses for that event to be analysed. The effective 
time resolution was 200 ns, set by the input widths to the C102B/N 
coincidence unit (100 ns). This was easily adequate to discriminate 
against non-coincident events as the maximum rate on a single input 
line was M. s” 1 (the closer detector). The lengths of the input 
cables to the coincidence unit were adjusted to ensure that comple­
mentary pulses from the one fission event arrived simultaneously at 
the coincidence unit. A high precision ORTEC 448 pulser could be 
switched into the preamplifier to monitor electronic stability. The 
mains power for the electronic units was taken from specially isolated 
'experiment lines' in the HIFAR containment building.
'On-line'analysis of the data was done by a PDPll/10 computer with 
16K of core memory and an attached teletype. A large-screen visual 
display unit showed the fragment pulse height spectrum accumulated for 
each detector, as well as the 'sum' spectrum (refer section 5.4.1). The 
data recorded on magnetic tape for each event is of the form
FIGURE 5-4 RATIO R ( s e e  t e x t  ) VERSUS APPLIED BIAS FOR ONE
SURFACE BARRIER DETECTOR
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(241; ; E2 ), where and E2 are the pulse heights of the two detec­
tors (two 8-bit bytes each) and 241 is a number generated by the event 
encoder to label the type of event. The data on magnetic tape was 
analysed ‘off-line*  by an IBM 3031 computer.
5.3 Preliminary Procedures
5.3.1 Detector selection
It was necessary that the fragment detectors operate in the
* saturation* region of the pulse height versus bias curve. Saturation 
means that all the charge released in the sensitive volume of the 
detector by the ionising fragment is collected at the electrodes.
That is, recombination of charge carriers does not occur. The detector 
calibration equations used in section 5.4.2 may not be applicable out­
side the saturation region (Sch65). Several F series detectors were 
tested for saturation as follows:
Each detector was used to measure fission fragment pulse height 
spectra from a target (80 yg cm  ̂on solid nickel backing) . The
detector and target were situated inside an evacuated test chamber.
The target was irradiated by a beam of neutrons from the 100 kW reactor 
Moata, with the detector outside the line of the direct beam. The 
mean positions in channels of the light and heavy fragment pulse height 
peaks, together with the position of a pulser peak in the spectrum, 
were measured as a function of detector bias. For saturation to be 
present, the ratio R of the mean light fragment (say) position to the 
pulser position should change negligibly with bias. Figure 5.4 shows 
the results, for one of the best detectors. At the operating bias of 
140 V, the ratio R changes only 0.1% for a 2 V change in bias. (In 
the actual ^^Pu experiment, the batteries supplied detector bias 
constant to <0.2 V in 140 V over many days.) The two detectors which 
gave the lowest change in R were selected for the 239Pu measurement.
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5.3.2 ADC linearity
The digital output of each ND540 ADC in the analogue lines should 
be linear with input pulse height over the full range of 1024 channels, 
so as not to distort the fission pulse height spectra. This was 
checked by feeding amplified pulser signals of the same shape as the 
detector signals and with known pulse heights into each ADC. The ADC 
output was monitored on the visual display unit. Both ADCs were found 
to be linear over the full range.
5.3.3 System stability
Because the changes in average total fragment kinetic energy which 
the experiment sought to measure were expected to be equivalent to 
pulse height changes of .̂1 channel in 600 channels, the stability of 
the measuring system needed to be extremely good.
The leakage current from the fragment detectors increased very 
slowly with time, ^0.05 yA over 14 days. This arose mainly from the 
bombardment of the detector by the 239Pu natural alpha particles. To 
minimise the resulting decrease in nett bias on the detector, the load 
resistors of the 'type 493' preamplifiers used were reduced from 22 
to 1 Mft. Thus the maximum decrease in nett bias over 14 days was 
1 Mfl x 0.05 yA = 0.05 V, due to leakage current increases. It may 
be seen from Figure 5.4 that this produces a relative change in 
fragment pulse height of 0.0025%, or 0.015 channels in 600 channels, 
over 14 days. This value is negligible for the experiment.
The overall stability of the system was rigorously established 
before the 239Pu measurement was commenced. This was done by measur­
ing the mean position of the fragment total pulse height distribution 
(see section 5.4) in repeated runs. The peak from the high precision 
pulser was also monitored in each detector line at the end of each run, 
for a comparison. The triple-axis spectrometer was not moved during
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these runs, but left fixed at the = 0.296 eV position. It was
established that the inherent drift of the fragment pulse height
distribution in the system was 0.2510.10 channels in 600 channels
over a 40 hour measurement period, i.e. a drift of 0.04%. The pulser
peak drifts agreed with this value. Drift of this magnitude was quite
acceptable for the experiment. Further, the drifting pattern showed a
very slow cyclic behaviour about a mean, rather than mere random
variation. This feature gives added confidence to the interpolation
procedure of section 5.5 which is used to correct for system drifts.
In a second series of stability tests, measurements identical to
those above were performed, except that the spectrometer was moved to
the E = 0.033 eV position and back again after each run at n
E = 0.296 eV. The aim here was to investigate any effects arising n
from the physical motion of the target chamber, preamplifiers 
and electronic cables or from incorrect repositioning of the spectro­
meter. No extra instability associated with the movement of the 
spectrometer was observed.
The good stability of the electronic system can be attributed in 
part to the fact that the interior of the HIFAR containment building 
is air-conditioned and thus at constant temperature.
5.4 Data Collection and Analysis
5.4.1 'On-line' analysis for A\ ( E n)
The most sensitive and accurate method to determine the variation 
of average total fragment kinetic energy with neutron energy, AE^ EJ  , 
is to measure 'on-line' the mean position of the fragment total pulse 
height distribution for each neutron energy used. The 'total pulse 
height distribution' is the distribution of the sum of pulse heights 
from complementary fragments. For each coincidence event the program 
FIZZER stored the two individual detector pulse heights in two regions
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of the PDP11/10 computer and their sum in a third region. The 
procedure was as follows:
(i) The spectrometer was positioned to give 0.296 eV neutrons.
This energy served as the ''benchmark' or reference energy
throughout the experiment. Data was accumulated for ^16
hours (usually overnight). The coincidence fission rate
was ^360 per hour. The program FIZZER calculated the
information (N, X, , error ) where
N = number of fission events accumulated,
X = mean position (in channels) of the fragment
total pulse height distribution (̂ X = —— J,
o / o IX2 -o\= variance of this distribution = — -- X^J ,
error = standard error in X [ error = — j .
L / s }
This information could be written out on the teletype 
when required, during and at the end of a run.
(ii) The spectrometer was then positioned to give 0.033 eV 
neutrons o Data was accumulated over a period of 5 to 
7 hours during the day. The coincidence rate was 
o«520 per hour. (The 239Pu filter reduces the intensity 
of the main X beam by M0%.)
(iii) The measurement at 0o296 eV was repeated, to ensure that 
the system had remained stable. As before, this measure­
ment lasted ~16 hours.
The ORTEC 448 pulser was switched into the system at the end of (i) /
(ii) and (iii) as a further check on stability. Regular checks on 
the target-beam alignment were also made.
The above procedure was repeated many times, to see whether the
value of X was different between E^ = 0.033 eV and 0.296 eV. A second
series of measurements was done as above to compare X between runs at
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E = 0.081 eV and 0.296 eV. The spectrometer was positioned to give n
E = 0.081 eV in step (ii). Figure 5.5 shows the fragment pulse n
height distribution measured in a single detector (operated in
coincidence) for E = 0.296 eV, for several runs» Figure 5.6 showsn
the total pulse height distribution from two complementary fragments
for E = 0.296 eV. These two figures also show counts from a small n
number of high-energy alpha particles that are detected above the 
threshold level of the time-pickoff units. The alpha-fission separa­
tion is seen to be excellent. About 127 000 coincidence events were
obtained at E = 0.296 eV, 30 000 at E = 0.033 eV and 33 000 at n n
E = 0.081 eV. n
5.4.2 'Off-line* analysis to give fragment masses 
and kinetic energies
To calculate the fragment masses and kinetic energies from the 
pulse height data, the surface barrier detector mass dependent 
calibration equation of Schmitt et al. (Sch65) was used. The proce­
dure was as follows: A preliminary energy calibration of the pulse 
height scale is obtained from the positions of the light and heavy 
fragment spectra peaks and the 'time-of-flight* data of Milton and 
Fraser (Mi62). The approximate pre-neutron emission fragment 
kinetic energies so obtained for each event, Ej and E2, are then 
converted to pre-neutron emission fragment masses M x and M2 by
Mi = 240 E2/(Ei+E2) / m2 = 240-Mi
Post-neutron emission masses M ’ , are obtained from M!, M2 by using
a matrix of v(M,E) values (Table 5.2). Ibis matrix uses the v(M)Js.
data of Apalin et al. (Ap65). The kinetic energy dependence of v(M) 
has been incorporated by use of the 3v(M)/3EK data for of
+Note from Table 4.1 that En could be interchanged between 0.081 and 
0.296 eV without any movement of the target chamber.
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FIGURE 5 *6  TOTAL PULSE HEIGHT DISTRIBUTION FROM TWO
COMPLEMENTARY FRAGMENTS
EK (MeV)
1 1 3 1 1 8 1 2 3 1 2 8
7 4 o . o 0 . 0 0 . 0 1 .
7 6 o . o 0 . 0 0 . 0 0 .
7 8 0 . 0 0 . 0 0 . 0 0 .
8 0 o . o o . o 0 . 0 0 .
8 2 o . o 0 . 0 0 . 0 0 .
8 4 o . o 0 . 0 0 . 0 0 .
8 6 o . o o . o 0 . 0 0 .
RB 0 . 0 0 . 0 0 . 0 0 .
9 0 0 . 0 0 . 0 0 . 0 0 .
9 ? o . o 0 . 0 0 . 0 0 .
9 4 0 . 0 0 . 0 0 . 0 0 .
9 6 1 . 6 2 1 . 5 1 0 . 5 4 1 .
9 R o . o o . o 0 . 0 0 .
1 0 0 o - . o 0 . 0 0 . 0 0 .
1 0 2 0 . 7 3 1 . 2 5 0 . 4 ? 0 .
1 0 4 0 . 0 0 . 0 0 . 0 1 .
1 0 6 o . o 0 . 6 1 1 . 0 3 0 .
1 0 8 0 . 0 0 . 0 0 . 5 1 1 .
1 1 0 2 . 6 5 1 . 0 0 1 . 5 6 2 .
1 1 2 2 . 2 1 2 . 6 1 0 . 3 1 2 .
1 1 4 1 . 6 7 4 . 2 6 0 . 8 0 0 .
1 1 6 o . o 0 . 0 0 . 0 1 .
1 1 8 2 . 3 1 3 . 7 2 3 . 3 9 3 .
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1 2 4 2 . 2 9 1 . 6 5 4 . 2 0 2 .
1 2 6 2 . 9 7 0 . 2 0 3 . 3 0 1 .
1 2 8 1 . 1 2 2 . 9 4 0 . 8 7 3 .
1 3 0 o . o 0 . 5 7 2 . 2 9 0 .
1 3 2 1 . 7 1 2 . 1 0 2 . 2 5 1 .
1 3 4 0 . 0 1 . 1 5 1 . 0 6 1 .
1 3 6 0 . 0 0 . 0 2 . 9 6 2 .
1 3 8 o . o 0 . 0 0 . 0 2 .
1 4 0 3 . 3 6 3 . 0 3 5 . 3 6 4 .
1 4 2 0 .  o 0 . 0 0 . 0 0 .
1 4 4 0 . 0 0 . 0 0 . 0 6 ,
1 4 6 0 . 0 o . o 0 . 0 0 .
1 4 8 o . o 0 . 0 0 . 0 0 .
I S O 0 . 0 0 . 0 0 , 0 0 .
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1 6 0 O . o 0 . 0 0 . 0 0 .
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0 . 0 1 . 5 0 1 . 2 9 1 . 1 5 1 . 2 0 1 . 0 ?
0 . 2 3 1 . 3 R 1 . 6 1 1 . 9 0 1 . 5 6 1 . 4 1
2 . 2 2 2 . 4 1 3 . 2 4 2 . 0 9 1 . 9 5 1 . 6 2
1 . 4 8 1 . 2 9 2 . 0 6 2 . 1 5 2 , 0 1 1 . 8 1
0 . 0 1 . 5 2 2 . 5 6 2 . 6 9 2 . 3 9 1 . 9 4
1 . 2 3 3 . 2 9 3 . 8 7 2 . 6 9 2 . 6 4 2 . 3 3
0 , 3 8 0 . 8 2 2 . 8 0 2 . 6 5 2 . 6 9 2 . 4 9
1 . 9 5 2 . 2 8 3 . 1 4 2 . 9 4 2 . 7 2 2 . 4 7
0 . 9 4 1 . 7 9 2 . 5 2 2 . 4 4 3 . 4 4 3 . 1 1
0 . 1 6 1 . 3 1 1 . 2 9 2 . 6 9 3 . 0 1 2 . 7 0
0 . 0 1 . 8 6 2 . 2 9 3 . 4 1 3 . 5 6 2 . 5 7
0 . 9 7 1 . 8 4 2 . 4 5 3 . 9 3 3 . 9 0 2 . 0 0
2 . 1 5 3 . 4 3 2 . 2 7 2 . 7 6 2 . 4 4 3 . 3 7
1 . 1 9 1 . 8 0 2 . 4 9 1 * 6 8 3 . 5 ? 3 . 8 5
1 . 5 2 2 . 0 ? 1 . 8 8 2 . 9 7 1 . 4 ? 1 . 6 9
2 . 5 6 1 . 8 0 0 . 3 5 3 . 5 1 2 . 5 4 1 . 3 3
0 . 7 2 0 . 0 3 . 2 0 1 . 7 4 2 . 6 3 2 . 6 2
0 . 9 9 1 . 6 5 2 . 6 0 2 . 4 4 3 . 5 5 3 . 3 6
3 . 1 6 1 . 0 7 2 . 5 9 0 . 7 3 0 . 6 0 0 . 6 6
1 . 6 0 1 . 8 5 0 , 8 6 1 . 2 5 0 . 8 7 1 . 1 4
1 . 1 7 0 . 7 3 1 . 2 6 1 . 2 8 1 . 0 0 0 . 0 8
1 . 5 3 2 . 5 2 1 . 2 0 1 . 6 6 1 . 3 5 0 > 7
1 . 6 8 1 . 9 9 0 . 8 0 1 . 3 2 1 . 7 4 1 . 6 1
2 . 9 3 2 . 6 0 3 . 9 4 1 . 6 2 2 . 0 1 1 . 4 8
3 . 1 7 3 . 1 0 3 . 2 9 2 . 0 5 2 . 2 1 1 . 0 6
2 . 8 7 4 . 8 6 1 . 6 6 1 . 7 4 2 . 0 3 2 . 0 8
0 , 0 3 . 7 6 3 , 3 0 2 . 6 6 2 . 4 o 2 . 4 9
3 . 4 8 3 . 4 4 3 . 2 3 3 . 1 8 2 . 8 3 2 . 6 3
0 . 0 4 . 1 9 3 . 8 5 3 . 1 8 3 . 1 9 ? . 0 l
3 . 2 4 1 . 4 0 3 . 8 0 2 . 6 2 3 . 0 1 2 . 7 7
0 . 0 4 . 9 3 3 . 5 4 3 . 7 1 3 . 2 4 2 . 7 72 . 9 2 5 . 5 5 3 . 5 0 3 . 5 3 2 . 9 7 2 . 4 1
3 . 9 0 1 . 8 2 4 . 2 3 4 . 8 1 3 . 6 6 3 . 6 0
2 . 5 7 2 . 0 2 2 . 1 7 4 . 4 1 4 . 6 7 4 R 0
0 . 0 5 . 5 3 4 . 4 1 4 . 5 4 7 . 2 2 4 . 2 2
3 . 3 3 1 . 3 0 2 . 7 6 3 . 2 1 3 . 0 8 3 . 5 6
0 . 0
1 . 4 5 t-M 3 . 2 43 . 9 0 1:12 0 . 8 70 . 0 0 . 00 . 0
0 . 0 6 . 2 5 1 . 7 2 1 . 0 2 0 . 0 0 . 0
u
0
6 1
0
00
0000
038
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MATRIX OF V  ( M,EK) VALUES USED IN FRAGMENT
1 6 3 1 6 8 1 7 3 1 7 8 1 8 3 1 8 8 1 9 3 1 9 8 2 0 3 2 0 8
0 . 0 0 . 0 0 . 0 0 . 0 2 * 8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 00 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 1 0 o . o 0 . 0 0 . 0 0 . 0 0 . 0 o . o 0 . 0 0 . 0 0 . 0
0 . 3 7 0 . | 3 0 . 4 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 , 6 2 0 . 5 q 0 . 7 2 0 . 4 3 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 5 4 0 . 6 0 0 . 4 9 0 . 4 3 0 . 1 9 0 . 0 o . o 0 . 0 o . o 0 . 0
0 . 9 1 0 . 7 * ; 0 . 5 9 0 . 6 5 0 . 4 5 0 . 0 O . o 0 . 0 0 . 0 0 . 0
0 . 7 8 0 . 7 ? 0 . 7 2 0 . 6 4 0 . 5 8 1 . 0 7 o . o 0 . 0 0 . 0 0 . 0
1 . 2 7 1 . 2 2 1 . 0 4 0 . 8 2 0 . 7 2 o . 9 i o . o 0 . 0 0 . 0 0 . 0
1 . 5 2 1 . 4 0 1 . 1 3 1 , 1 1 0 . 7 4 0 . 3 8 0 . 5 0 0 . 0 0 . 0 0 . 0
1 . 5 8 1 . 4 1 1 . 2 6 1 . 0 7 0 . 8 5 0 . 7 3 0 . 4 6 0 . 0 0 . 0 0 . 0
1 . 7 2 1 . 5 8 1 . 3 6 1 . 1 5 0 . 8 3 0 . 7 9 0 . 5 9 0 . 5 7 0 . 0 3 0 . 0
2 . 1 2 1 , 8 3 1 . 5 4 1 . 2 7 1 . 0 7 0 . 7 9 0 . 6 9 1 . 0 0 0 . 8 7 0 . 0
2 . 1 8 1 . 8 7 1 . 5 5 1 . 3 7 1 . 1 3 0 . 9 3 0 . 8 2 0 . 4 0 0 . 3 7 0 . 0
2 . 5 0 2 , 0 8 1 . 8 3 1 . 5 0 1 . 3 7 0 . 9 7 0 . 8 4 0 . 7 4 0 . 3 8 0 . 5 2
2 . 4 7 2 . 3 5 2 . 0 5 1 . 7 3 1 . 3 7 1 . 2 2 0 . 8 1 0 . 6 5 0 . 0 0 . 0
2 . 5 9 2 . 2 2 2 . 0 1 1 . 8 2 1 . 5 1 1 . 2 2 0 , 9 l 0 . 7 1 0 . 5 7 0 . 0
3 . 1 2 2 . 9 2 2 . 7 0 2 . 0 7 1 . 9 9 1 . 3 5 1 . 0 8 0 . 0 0 . 0 0 . 0
3 . 7 1 3 . 1 2 2 . 3 5 2 . 7 1 1 . 7 8 1 . 2 1 1 . 7 7 0 . 6 7 0 . 0 0 . 0
3 . 8 9 4 . 1 8 3 . 9 7 2 . 6 3 3 . 6 3 0 . 7 1 0 . 0 0 . 0 0 . 0 0 . 0
2 , 4 6 2 . 7 1 6 . 5 5 4 . 3 4 2 . 2 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
3 . 8 2 4 . 7 9 1 . 0 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 . 0 6 0 . 9 8 0 . 3 3 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 . 7 1 2 . 0 3 1 . 4 6 0 . 5 4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 . 0 1 0 . 0 0 . 0 0 . 8 5 1 . 7 8 1 . 5 9 0 . 0 2 . 8 9 0 . 0 0 . 0
0 . 7 6 0 . 3 8 1 . 5 4 0 . 4 9 1 . 0 9 0 . 2 1 1 . 2 2 0 . 7 0 0 . 0 0 . 0
1 . 0 2 0 . 8 3 0 . 3 2 0 . 7 5 0 . 4 8 0 . 2 6 0 . 1 7 0 . 4 4 0 . 5 3 0 . 0
0 . 7 4 0 . 4 4 0 . 5 4 0 . 4 1 0 . 4 8 0 . 5 2 0 I 3 O 0 . 4 4 0 . 2 3 0 . 0
1 . 0 7 0 . 8 1 0 . 7 7 0 . 5 7 0 . 6 6 0 . 3 9 0 . 7 1 0 . 4 6 0 . 3 7 0 . 3 8
1 . 2 2 1 . 2 8 1 . 0 9 0 . 8 4 0 . 9 0 0 . 6 4 0 . 5 3 0 . 5 6 0 . 4 9 0 . 0
1 . 4 5 1 . 4 8 1 . 3 7 1 . 0 9 1 . 0 4 0 . 8 2 0 . 6 1 0 . 4 4 0 . 0 0 . 0
1 . 7 4 1 . 7 8 1 . 6 0 1 . 3 7 1 . 2 1 0 , 9 9 1 . 0 9 0 . 6 2 0 . 0 0 . 0
1 . 8 7 1 . 8 3 1 . 6 4 1 . 4 0 1 . 2 1 1 . 1 2 0 . 8 8 3 . 1 4 0 . 0 0 . 0
2 . 2 1 2 . 0 1 1 . s i 1 . 3 9 1 . 1 8 1 . 1 3 1 . 5 7 0 . 0 0 . 0 0 . 0
2 . 2 ? 2 . 0 3 1 . 7 1 1 . 3 5 1 . 3 6 0 . 7 1 1 . 0 2 0 . 0 0 . 0 0 . 0
2 . 4 2 2 . 1 9 1 . 6 5 1 . 6 2 0 . 6 9 1 . 5 3 0 . 0 0 . 0 0 . 0 0 . 0
2 . 6 2 1 . 9 4 1 , 7 9 1 . S 9 0 . 8 0 0 . 0 0 . 0 0 . 0 o . o 0 . 0
2 . 4 3 1 . 7 0 2 . 1 3 1 . 0 2 2 . 5 4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
2 . 7 2 2 . 0 7 1 . 6 7 0 . 8 5 3 . 6 8 0 . 0 o . o 0 . 0 o . o 0 . 0
2 . 2 1 3 . 1 0 2 . 3 3 5 . 1 1 0 . 0 0 . 0 0 . 0 0 . 0 o . o 0 . 0
1 . 8 7 1 . 1 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 o . o 0 . 0
1 . 1 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 o . o 0 . 0
0 . 0 0 , 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 o . o o . o0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
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Maslin et al. (Ma67). The post-neutron emission energy E* is then 
calculated more accurately with the calibration equation of Schmitt 
et al. (Sch65):
EJ = (a+a'MjJXj + b + b'M* .0 0 (5.3)
Here, Xj = fragment pulse height in detector 1
afa ,rb,b* = detector calibration constants. For 2^Pu(n,f) 
these are given by Neiler et al. (Ne66) and are 
shown in Table 5.3.
Similarly for E£. More accurate pre-neutron emission energies E^ are 
then calculated from
Ei = ... (5.4)
a 27.6654 / ( P - P ).L) n
a* 0.04106/(P -P )
Li ii
b 89.0064 - aPLi
b' 0.1362 - a'P
Table 5.3 Detector calibration constants for 23gPu(n,f)
p = channel number at mid-point of L
3/k maximum height of light fragment peak.
Similarly for P„. From (Ne66).H
Similarly for E2. Mi, M2 are then calculated from equation (5.2). The 
entire process is then repeated (commencing immediately after equation 
(5.2)] until the values of Mj, M2 before and after a particular 
iteration are the same to within 0.2 amu. No separate treatment of 
fragment energy loss in the target, backing foil and dead-layer of the 
detectors is required as this correction is inherent in the detector
calibration procedure (Sch65).
The Fortran IV program RLWMASPU read the pulse height data from
239 Pu ( n, f )
A  EK = EK (0-033e V ) -E K(0-296eV)
♦600
♦400
a e k .  * 0 
( k c V )
-♦600
-♦400
( F r  7 3 )  -
W //////A-
(To  71 )
♦200
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FIGURE 5 -7  MEASURED DIFFERENCES IN E K BETWEEN THE 
TWO NEUTRON ENERGIES 0 .2 9 6 eV AND 0 .0 3 3 e V
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magnetic tape and performed the above calculations. RLWMASPU occupied 
270K central processor unit (CPU) locations in the IBM 3031 computer 
and about 2 minutes of CPU time was required to analyse 40 000 events. 
In the final output the fragment masses M]̂ , M£ were arranged into 
groups 2 amu wide.
5.5 Results
5.5.1 E comparisons K
The measured values of X for E = 0.033 and 0.296 eV and then
differences Ax are listed in Table 5.4. Ax (0.033 eV) = X (0.033 eV) - 
X (0.296 eV), where X (0.296 eV) is taken as the unweighted mean of 
the X's for the 0.296 eV runs immediately preceding and following a 
particular run at 0.033 eV. The data measured in the E^ = 0.081,
0.296 eV comparison are listed in Table 5.5. The errors listed for 
AX include the errors from the 0.296 eV 'benchmark' runs. Because 
fission at each of the three energies is s-wave (i.e. neutron orbital 
angular momentum quantum number Z = 0) , the angular distribution of 
the fission fragments is isotropic at each energy. Therefore no 
correction to Ax for relative variation of fragment energy loss in 
target and backing is required. Figure 5.7 shows the results for the 
fragment kinetic energy comparison between E^ = 0.033 and 0.296 eV.
The values of AX have been converted to AEr values by using the 
positions of the light and heavy fragment pulse height peaks and the 
data of Milton et al. (Mi62). This conversion was typically 
1 channel in X = 273 keV. The points in Figure 5.7 are plotted at 
equal distances along the abscissa, however they are not necessarily 
equally spaced in real time. The average value of AEr found was
Ai (0.033 eV) = £,<0.033 eV) - £ (0.296 eV) = -185±75 keV .
K K
Tbe shaded region in Figure 5.7 shows this average value and the
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En N X e(X)t AX (0.033 eV)
(eV) channel nos, channel nos. channel nos.
0.296 4674 581.100 0„59
0.033 6774 581.58 0.49 +0.1210.75
0.296 5636 581.82 0.53
0.296 7391 583.35 0.45
0.033 2219 582.85 0.83 -0.3810.90
0.296 6233 583.10 0.50
0.033 2258 582.24 0.87 -0.7610.93
0.296 6288 582.90 0.49
0.033 2133 581.35 0.86 -1.0210.93
0.296 5706 581.85 0.51
0.296 5989 580.93 0.50
0.033 1760 580.27 0.92 -0.8011.01
0.296 2700 581.21 0.74
0.296 4225 603.78 0.62
0.033 2561 602o26 0.80 -1.5010.91
0.296 4316 603.75 0.60
0.296 4608 602.59 0.60
0.033 2506 602.96 0.80 +0.5610.90
0.296 4714 602.22 0.58
0.296 4340 603.33 0.60
0.033 2587 601.15 0.79 -2.0510.89
0.296 5704 603.08 0.52
0.296 6099 601.37 0.50
0.033 6299 600.75 0.51 -0.6510.65
0.296 3730 601.42 0.65
Weighted Mean AX (0.033 eV) “0.67510.280 ch
Pulse Height Calibration (average) 1 ch = 273 keV
.*. Mean AE (average)Jx
-185175 keV
+e (X) = standard error in X
Table 5.4 Measured values of X, Ax for E =0.033, — n -------
0.296 ev comparison for 239PU(n, f)
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En
(eV)
N X
channel nos.
e (X)
channel nos.
AX (0.081 eV) 
channel nos.
0.296 6625 580.87 0.48
0.081 3469 581.35 0.66 +0.2610.74
0.296 7790 581.31 0.44
0.081 1926 580.49 0.87 -0.8410.94
0.296 4622 581.34 0.58
0.081 6088 580.58 0.50 -0.5410.63
0.296 6129 580.92 0.49
0.081 5747 581.72 0.52 +0.8010.63
0.296 5989 580.93 0.50
0.296 4714 602.22 0.58
0.081 6846 602.46 0.48 -0.3910.75
0.296 4029 603.47 0.62
0.081 8669 601.11 0.43 -2.2910.61
0.296 4340 603.33 0.60
Weighted Mean Ax(0.081 eV) -0.53510.280 ch
Pulse Height Calibration (average) 1 ch = 273 keV
.*. Mean AË (0.081 eV)K -145175 keV
Table 5.5 Measured Values of X, AX for E = 0.081,
0. 296 eV Comparison for 239PU(n, f)
A Ë k
( k e V )
FIGURE 5-8  MEASURED DIFFERENCES IN Ê K BETWEEN
THE TWO NEUTRON ENERGIES 0-296 eV AND 0*081cV
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error. It must be emphasised here that the AE (0.033 eV) value found
by the *off-line* analysis of section 5.4.2 agreed with the above
value to within 7 keV. The 185 keV 'on-line* value is to be preferred
because of the several small uncertainties inherent in the 'off-line*
method* e.g. determination of P_, P and v(M,E ) correction.L H K
The lower dashed line to the right of Figure 5.7 shows the AÊ . 
result that would have been expected from the present measurement 
according to the data of Toraskar et al. (b?o71) which was discussed 
in Chapter 1. Clearly, there is significant disagreement. The upper
dashed line shows the AE result expected according to the v data ofK
Fr^haut et al. (Fr73). This v data was obtained for 7 < En < 400 eV,
an energy region where the J = 0 and 1 resonances are reasonably well
separated (refer section 8.1 however). There is smaller disagreement
here. The result expected according to the v variation of Leonard
(Le76) is AE M).026 n/0.13 n MeV"1 ^200 keV, in good agreement with K
the 185 keV value found in the present work.
The results for the fragment kinetic energy comparison between
E = 0.081 and 0.296 eV are shown in Figure 5.8. The mean AE found n K
was AE (0.081 eV) = -145175 keV, shown by the shaded region. The K
data here show more scatter around the mean AE value than is seen
JN.
in Figure 5.7. The fourth point lies 2.1 error bars above the mean
AE value, and the sixth point lies 2.7 error bars below the mean.K
However, both points must be included in the final data set: the 
measuring system was exceedingly stable during each of these two runs 
(see Table 5.5). The available beam time on the spectrometer did not 
permit more than six data points to be obtained for the En = 0.081, 
0.296 eV comparison.
The standard deviation o (ER) of the fragment total kinetic energy 
distribution was very similar at each of the three neutron energies:
FIGURE 5-9 PRESENT EK DATA CONVERTED TO V  DATA 
AND COMPARED WITH DIRECT V  MEASUREMENTS ( L e 7 6 )
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cr(E ) = 10.5 MeV. This agrees well with the value reported for K
239pu (n f) by Neiler et al. (Ne66) of 0 (E ) = 11.1 MeV. th k
In Figure 5.9 the present E differences measured are shown
converted to v differences (via 0.13 n MeV-1) and are compared with
the direct v data of Leonard (Le76) in the same energy region. The
present data are normalised to the v data at E^ = 0.296 eV. The
continuous line shown is that suggested in (Le76) to describe the v
trend. It is clear that the E variation measured in the presentK
work agrees with and confirms the v variation.
5.5.2 Mass yield distributions
The pre-neutron emission mass yield distributions for E^ = 0.033 
and 0.296 eV, obtained by the procedure of section 5.4.2, are shown 
in Figure 5.10. The statistical errors are smaller than the points.
No correction for the mass resolution has been made. The two curves 
are almost identical, except near the symmetric region and near the 
peaks. The symmetric region is shown in detail in Figure 5.11.
Between masses 120 and 128 amu the curve for E^ = 0.033 eV is uniformly 
higher than that for En = 0.296 eV. The peak-to-valley ratio for
E = 0.296 eV is 477:1 (±23%) and for E = 0.033 eV is 164:1 (±20%), n n
a factor of 2.9±0.9 difference'. Taking into account the relative 
j _ 0+ and J = 1+ contributions at each energy (Table 5.1), this 
gives a factor of 6.9±2.1 difference in peak-to-valley ratios between 
fission via pure J = 0+ and J = 1+ levels, with the J = 1 fission 
giving the higher value (i.e. relatively fewer symmetric fissions). 
Radiochemical measurements for 239Pu(n,f) cf Regier et al. (Re60) 
in the same neutron energy region found a value of 5.3 for the same 
factor. The 239Pu radiochemical measurements of Cowan et al. (Co66) 
for 15 < E < 200 eV found a factor of 4.1 difference.
^Walter et al. (Wa63) in a double-energy 
2.0±0.4 for the same factor.
measurement found a value of
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FIGURE 5-10 MASS YIELDS FOR NEUTRON ENERGIES 0 033 AND 0-296 eV
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FIGURE 5 11 COMPARISON OF MASS YIELDS
IN SYMMETRIC REGION
FIGURE 5-12 MASS DISTRIBUTION OF PRESENT WORK FOR E n= 0-296eV 
COMPARED WITH THAT OF NEILER et al (1966)
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The absolute fission yield measured for mass 120 amu at
= 0«033 eV was 0.037%. This is the same value as that reported for
absolute mass spectrometric and radiochemical yields for 239Pu(n ,f)th
(Ka60). This is initially surprising in view of the poorer mass 
resolution of double-energy measurements (4-5 amu FWHM) over radio­
chemical measurements (<1 amu). However, consideration of the 
symmetric region for E = 0.033 eV in Figure 5.11 shows it to be flat 
for masses 118-122 amu. Thus a 4 amu mass resolution at mass 120 amu 
should have little effect on the yield at this point. Indeed, the 
excellent agreement between the mass spectrometric/radiochemical 
symmetric yield and that of the present work shows that there is very 
little contamination of the symmetric region from the asymmetric 
peaks and confirms that the quality of the experimental system for 
mass yield measurements was very good. As stated in Chapter 1, the 
achievement of a high quality system was a prerequisite to the 
determination of the spin dependence of the mass yields and to the
effect of this on E .K
Further confirmation of the present mass distributions is found 
in Figure 5.12, which shows the heavy fragment curve for E^ = 0.296 eV 
(the energy with the highest counting statistics) compared with the 
data from the double-energy measurement for 239Pu(n ,f) of Neiler
et al. (Ne66) . Both data are shown uncorrected for mass resolution. 
The two curves are identical almost everywhere. The fission yield 
at 120 amu of Ne(66) is also close to the radiochemical value.
The pre-neutron emission mass distribution for En = 0.081 eV is 
shown in Figure 5.13. It is very similar to the curves for En = 0.033 
and 0.296 eV. The peak-to-valley ratio for E^ = 0.081 eV is 162:1 
(±20%). This is lower than the value of 250:1 expected from the
corresponding values at E^ = 0.033 and 0.296 eV and the data of Table 5.1.
FIGURE 5-13 MASS YIELD DISTRIBUTION FOR En = 0-081 eV
Ek (M)
(MeV)
FIGURE 5-14 Ek (M) OF PRESENT WORK COMPARED WITH DATA OF NEILER ct al (1966)
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However, the statistical errors on the peak-to-valley ratios can 
accommodate this discrepancy,
5.5.3 E (M) distributionsJa.
The distribution of fragment total kinetic energy versus mass
E (M) is shown in Figure 5.14 for E =0.033 and 0.296 eV. The two
distributions are very similar, with the 0.296 eV data (open circles)
tending to lie slightly higher in energy. The E (M) 'dip' near
symmetric fission is 21 MeV. This compares with 24 MeV for 235U(n,f)
(Sch66) and 6 MeV for 252Cf(sf) (Chapter 7). The E (M) data forK
23^Pu(n^,f) from Neiler et al. (Ne66) is also shown in Figure 5.14
and is in good agreement with the present data.
The average total fragment kinetic energy E at E = 0o033 eVK n
was 177.212 MeV, in good agreement with the value of 177.711.8 MeV 
reported in (Ne66) for thermal neutron fission.
5.5.4 Corrections to AEK
To determine the final value for the E,„ difference between pureK
J = 0+ and J = 1+ levels, which is the primary aim of this work,
several corrections needed to be made to the AE = -185175 keV valueK
measured.^
(i) Mass yield correction - Part of the ER value measured must 
be due solely to the change in mass yield distribution between J = 0+ 
and J = 1+ fission. To determine this, the mass yield data Y(M) at 
one energy was folded in with the ER (M) data at another energy, i.e.
Mass yield correction to AEr (0.033 eV) =
= l E (M)L K M
0.296 eV
x Y (M) | 
0.033 eV
- I E (M)
M
0.296 eV
x Y(M) 
0.296 eV
...(5.5)
= -15 keV
+The data for the EK , v comparison of Figure 5.9 do not include these 
corrections. However, the corrections apply equally to EK and v measure­
ments, and in any case are small, thus the comparison is not affected.
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c.f. -185 keV measured for AE (0.033 eV),K.
i.e. only 15 keV of the kinetic energy change measured can be attributed 
to the change in the mass yield distribution. As a check, the data sets 
were interchanged in the above calculation, with the result
I E (M) x Y (M)
M K
- I Er (M) | x Y(M)
M
0.033 eV 0.296 eV 0.033 eV 0.033 eV
= +15 keV ...(5.6)
thus confirming the value found by equation (5.5)0
(ii) Neutron emission correction - At E = 0.033 eVf 0.026 moren
neutrons (on average) are emitted from the fragments than at
= 0o296 eV (Figure 5.9)0 Because the procedure of section 5.4.1
measures post-neutron emission fragment kinetic energies, AE (0.033 eV)K
must be corrected for the reduced fragment mass. Using equation (5.4) 
and average E', M 1 values for the light and heavy fragments, this 
correction is -18 keV.
(iii) (n,yf) correction - As mentioned in section 1.1, the AE^
measured should be increased on account of the (n,yf) reaction. This
correction is +18% for Aek between pure J = 0 , 1 levels (from Fr73) .
(iv) Mass resolution correction - The mass resolution of the
measurement has no effect on the mean X of the fragment total pulse
height distribution. Further, for the purpose of comparing Y(M) and
E (M) distributions at the three neutron energies used and for the K
calculations of equations (5.5, 5.6), the data uncorrected for mass 
resolution are more appropriate. This is because: (i) the resolution 
correction will affect Y(M) in the same way at each neutron energy. 
Similarly for E (M). (ii) One cannot exclude the possibility that 
the resolution correction will introduce small, spurious fluctuations
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into a particular measured distribution. Thus the uncorrected data is 
better for comparison purposes. For the absolute mass yield distribu­
tion, however, the resolution correction is made in Chapter 7.
Table 5.6 summarises the above corrections made to the AE dataK
and shows the final results. After correction for the mass yield
change and the neutron emission change, Ae (0.033 eV) = -152±75 keV.K
. - + +To determine the Ae for fission via pure J = 0 and 1 levels, weK
use the data of Table 5.1 and equation (5.1), thus:
-0.152 = x(0.92-0.46) + - (0.009-0.062)
1 . 2 5
where x = AE (pure J's)K
.’. x = -0.365 .
Increase of this value by 18% for the (n,yf) correction gives a final 
E difference for fission via pure J = 0+ and 1+ levels of
AE = -4301180 keV ,K
with E__ (J = 1+) > 5 (J = 0+) .K K
keV
AË (0.033 eV) measured K
-185175
Contribution from mass yield change -15
Contribution from neutron emission change -18
Corrected AE (0.033 eV)Jx
-152175
AË (for pure J = 0 , 1 levels) K
-3651180
Final AE after (n,yf) correction K
-4301180
Table 5,6 Summary of Corrections and Final Result for
AE Measurement
CHAPTER 6
MEASUREMENT OF MASSES AND KINETIC ENERGIES 
OF 235U FISSION FRAGMENTS
66
6 * 1  I n t r o d u c t i o n
A measurement similar to that of Chapter 5 was done on 233U. The
purpose was to further check the accuracy of the experimental system
and thus confirm the 233Pu results. Fragment masses and kinetic
energies for 235U(n,f) were measured at E = 0.033 and 0.121 eV. Itn
can be shown theoretically that the kinetic energy difference AEK
between fission at these two neutron energies is zero:
Resonance energy s-wave neutrons (£, = 0, 3 = 1 *5) incident on
235u (x = 7/2 ) produce a 23^U compound nucleus with J = 3 or 4 .
Figure 6.1 shows the fission cross section of 235U in the present
energy region. The resonance at E^ = 0.285 eV is J = 3 (BN73). A
bound level below the neutron binding energy contributes increasingly
to the fission strength as E decreases below 0.285 eV. From the workn
of Moore et al. (Mo78) it can be shown that the relative contributions 
of J = 3” and 4 fission at 0.033 and 0.121 eV are about the same, viz.
(j = 4 )/af (TOT) î 80% at each energy. Table 6.1 lists the collec­
tive saddle point bands for 236U which are nominally available for
Kneutron fission in the resonance region. The energy Ec of each
7Tcollective band above the ground state and the K values are from
Back et al. (Ba71). However, because the K = 0 band contribution is
very weak (Mi73), only the K = l” and 2 bands contribute significantly
to the fission strength. Calculations of partial fission cross sections
a for 235U(n,f) by Boldeman et al. (Bo76) show that, for s-wave 
JKtt
fission, the distribution of J = 3_ strengths over these two K bands is 
the same as the distribution of the J = 4_ strengths. Thus the average 
collective energy for fission via J = 3 levels is the same as that for 
j = 4" levels. It was reported in Chapter 1 that variations in the 
average collective energy at the saddle point for 233.235U(n,f) appear 
as variations of the same size in ER. Therefore iR (J = 3_) = ER (J = 4
f (b)
5.0xic>3-
1 .0«io3-
5. Oxiô
1 .0*io^ 50.-
10.- = t  5 .0 -
.001
0 .0 3 3  0.121
010 .10 
En(eV)
1 .0
FIGURE 6-1 NEUTRON FISSION CROSS SECTION 0nf FOR 235U. THE ARROWS 
SHOW THE ENERGIES USED FOR THE PRESENT MEASUREMENTS. (From BN76) .
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This, and the constancy of the relative J = 3 and 4 fission contribu­
tions, each independently gives
AË„ = ÊT (0.033 eV) - i (0.121 eV) = 0 .i\. K K
(MeV)
7TK J Band Name
«|p0.40 0 1,3,5,/,... Mass asymmetry
0.45 l“ 1,2,3,4,... Bending
0.85 2 2,3,4,... Y vibration + 
mass asymmetry
K 7T*Eç, K values from (Ba71)
Table 6.1 Available Collective Bands at Saddle 
Point for 236U Compound Nucleus, for 
Neutron Fission in Resonance Region 
A measurement by Moore and Miller (Mo65) of 235U fragment kinetic 
energies using ionization chambers whose efficiencies depended on EK
found E to be constant for 0.02 <: E £0.15 eV. This result is in 
agreement with the above theoretical considerations, though it should 
be noted that the experimental accuracy was low because of the limita­
tions of the technique.
6.2 Experimental Apparatus and Procedure
« o nThe experimental apparatus was the same as that for the Z03Pu(n,f) 
measurement of Chapter 5. The fragment detectors were situated 2.2 and
4.5 cm from the centre of the 235U target. This was the nearest that 
the 'closer' detector could be placed to the target, because of the
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physical size of the target support ring (3.7 cm). The 235U-nitrate 
target was prepared as described in Chapter 3 and consisted of 
30 yg cm“2 235u on a backing foil of 20 yg cm”2 VYNS and 15 yg cm”2 
Au-Pd. The 235U diameter was about 1.7 cm.
Because (0.285 eV) for 235u is a factor of about 18 lower than
Qnf i0'296 eV) for 239pu, the 235U coincidence fission rate at
E = 0.285 eV was impractically low. The E comparisons for 233U were ^ K
therefore made between E = 0.033 eV and E = 0.121 eV (refer Figure 4.1).n n
The coincidence rates at these two energies were about 660 and 370 per
hour respectively. The values of the triple-axis spectrometer
parameters used are given in Table 6.2 Note that E could ben
interchanged between 0.033 and 0.121 eV without any movement of the 
target chamber.
Neutron
Energy
(eV)
Neutron
Wavelength
(Ä)
Ge
Plane c
oCDCM Mono­chromator
Tilt
(rel. units)
0.033 1.58 (111) 43.20 27.90 450
0.121 0.83 (113) 13.95 27.90 400
Table 6.2 Values of Spectrometer Parameters Used 
for 233U(n,f) Measurements
The experimental procedure for the 235U measurement was the same
as that of the 239Pu measurement, except that En = 0.033 eV served as
the 'benchmark' energy. Runs were done at E^ = 0.033 eV (16 to 24
hours) . then at E = 0.121 eV (^16 hours), then at E = 0.033 eV again 1 1 n n
(16 to 24 hours). About 70 000 coincidences were obtained at
E = 0.033 eV and about 26 000 at E = 0.121 eV. The 'on-line' and 
n * n
'off-line' analyses were the same as those of sections 5.4.1 and 5.4.2. 
^  235u(n/f) data of Milton and Fraser (Mi62) was used as the
CHANNEL NUMBER
FIGURE 6-2 FRAGMENT PULSE HEIGHT DISTRIBUTION FOR 
ONE DETECTOR IN 235 U ( n . f ) MEASUREMENT
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preliminary energy calibration of the pulse-height scale. The v(M,E )K
matrix used was that of Maslin et al. (Ma67) 0 The detector calibration 
constants (equation 5.3) for 235U were taken from Schmitt et alD 
(Sch65a) and are given in Table 6.3.
a 30.9734/(P-P )J-i £1
a' 0.04596/(P -P ) L H
b 87.8626 - aPL
b' 0.1345 - a'PL
Table 6,3 Detector Calibration Constants for 235U(n,f)
The fragment pulse height distribution measured in a single
detector is shown in Figure 6.2. The effect of fragment self-absorption
in the target is seen in the low energy 'tail* and the relatively low
peak-to-valley ratio (3.5:1). This excessive self-absorption results
from poor target uniformity as discussed in section 3.3.2. The
low energy tail is also seen in the total pulse height distribution
(Figure 6.3). To reduce the effects of this spectrum degradation, the
calculation of X was restricted to events where X >400 channels in the
total pulse height spectrum. The final AE value measured will still
be meaningful as (i) the spectrum degradation should be the same for
E = 0.033 eV and E =0.121 eV, and (ii) the mean position X of that n n
part of the peak above channel 400 should still be sensitive to changes
in E . With this restriction on X included, the standard deviation of K
the fragment total pulse height distribution was equivalent to a 
kinetic energy standard deviation of a = 11.2 MeV which is close to the 
value of 10.9 MeV reported by Schmitt et al. (Sch66) . Thus spectrum 
broadening effects are indeed reduced.
6.3 Results
The measured values of X for En = 0.033 and 0.121 eV and the
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FIGURE 6-3 TOTAL PULSE HEIGHT DISTRIBUTION FROM 
TWO COMPLEMENTARY FRAGMENTS IN 235U ( n , f ) MEASUREMENT
+ 400 
+ 200 
0-200
-400
FIGURE 6-4 MEASURED DIFFERENCES IN EK FOR 235U (n ,f)
BETWEEN En = 0.033 AND 0.121 cV
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differences A x  are given in Table 6 . 4 .  Ax  ( 0 . 0 3 3  eV) = X ( 0 . 0 3 3  eV) -
X (0.121 eV) . Here, X (0.033 eV) is the unweighted mean of the X's
for the 0.033 eV runs preceding and following a run at 0.121 eV. The
fs^snces are given in Figure 6.4, with the conversion from
pulse height to energy values made with the data of (Mi62) . The shaded
region in Figure 6.4 shows the average value of AE found, viz,K
AEr  = Er (0.033 eV) - Er (0.121 eV) = -10±80 keV .
o qcFor U the (n,yf) reaction is very weak and also no significant 
v variation exists between J = 3 and J = 4~ levels (Fr73). Therefore 
no correction for (n,yf) or neutron emission change need be made to 
the AEr  data. Because of the poorer quality of the 235U mass yield 
data compared with that for the 239Pu (see below), no correction to 
AEr  for possible 235U mass yield changes has been made. However, this 
correction is very probably small, as it was for the case of 239Pu.
Thus the 239U measurement gives a value of effectively zero for
AEv between E = 0.033 eV and 0.121 eV, which is just the result K n
expected theoretically. This agreement gives confidence that no 
spurious systematic effects on E were present in the experimental 
system and confirmed the data measured for 239Pu.
The pre-neutron emission mass yield distribution at E^ = 0.033 eV 
is shown in Figure 6.5, uncorrected for mass resolution. This figure 
includes all fission events, without the restriction of X >400 channels 
and thus shows some effects due to fragment self-absorption. The 
yields at the fragment peaks are ^1% lower (absolute) and the yields 
in the symmetric and asymmetric regions are correspondingly higher 
than the data of (Sch66). The peak-to-valley ratio is 52:1 compared 
with about 120:1 found as a 'typical' value in 235U double-energy 
measurements <Ma67) and with 450:1 as a 'best' value (Sch66). The
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En
(eV)
N X
channel nos.
e (X)
channel nos
AX (0.033 eV) 
channel nos.
0.033 9439 539.44 0.50
0.121 6157 540.58 0.62 -0.6310.68
0.033 21780 540.46 0.33
0.121 5744 539.91 0.65 +0.0510.70
0.033 10520 539.46 0.48
0.033 14135 + 539.51 0.41
0.121 5996 538.83 0.64 +0.0310.71
0.033 11968 538.06 0.44
0.033 2736 536.58 0.97
0.121 7758 536.37 0.55 +0.4210.70
0.033 10004 536.99 0.48
Weighted Mean AX (0*033 eV) --0.04210.350 ch
Pulse Height Calibration (average) 1 ch = 229 keV
.". Mean AE„ (0.033 eV) -10180 keV
Includes previous 0.033 eV run
Table 6 . 4  Measured Values of X, Ax for E = 0 . 0 3 3 .  -----------------------------------------------------------------------------------------------  n -------
0.121 eV Comparison for 23^U(n,f)
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FIGURE 6-5 FRAGMENT MASS YIELD DISTRIBUTION FOR 235U(n,f )
FIGURE 6-6 TOTAL FRAGMENT KINETIC ENERGY EK(M) VERSUS MASS FOR 235U C n, f )
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well-known fine structure in the 235U mass yield curve can be seen,
at heavy masses 136, 140 and 144 amu. The fine structure arises
from the preferential formation of even-Z fragments in fission (Th64).
Figure 6.6 shows the E (M) distribution measured at E = 0.033 eVK n
(all events included). The 'dip* at symmetric fission is 20 MeV and 
the mean value E = 170.1 MeV. These values compare well with the 
corresponding values of 24 MeV and 171.9±1.4 MeV reported by (Sch66) . 
The E (M) curve also shows fine structure, most noticeably at masses 
136 and 144 amu.
CHAPTER 7
THE MASS RESOLUTION CORRECTION TO THE DOUBLE-ENERGY DATA. 
A MEASUREMENT OF MASS YIELDS FOR 252Cf SPONTANEOUS FISSION.
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7.1 Introduction
In this chapter the size of the mass resolution associated with 
the double-energy technique of Chapters 5 and 6 is determined. The 
measured 239Pu(n,f) mass yield distribution (Figure 5.10) is then 
corrected for this resolution. The correction was not applied to 
the 235U(n,f) data because of the poorer quality of the 233U target. 
It is commonplace in double-energy fission measurements that the mass 
resolution correction is either omitted or, if included, is not fully 
described. The correction procedure of this work is therefore 
presented in detail.
The mass resolution was determined by using data from a measure-
ocoment of fragment masses and kinetic energies for Cf spontaneous 
fission (sf) . Because of the high spontaneous fission rate a large 
number of events was obtained (1.2 x 10^ coincidences) • The fragment 
detection geometry of the 232Cf measurement was similar to that of
f\ c othe 2 39pu measurement. The method is to compare the measured Cf 
mass yield curve with the mass yield data obtained in a double­
velocity (time-of-flight) 252Cf measurement by Whetstone (Wh63). The 
mass resolution in (Wh63) is known to be 2.1 amu (FWHM) and is 
small. This comparison enables the average mass resolution of the 
present 232Cf measurement to be calculated. The detailed steps are: 
(i) Measure mass yield distribution for Cf (sf) •
(ii) Calculate variance of measured 252Cf mass yield peak
25 2and compare with corresponding variance from Cf 
double-velocity data of (Wh63), after having corrected 
the (Wh63) data for its own mass resolution. Difference 
is just the average mass resolution variance <oM <Cf)> of 
the present ^^^Cf work*
(iii) From <o*(Cf)> calculate OjNST due to instrumental 
broadening.
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(iv) Calculate a2(Cf) and cr2 (Pu) as functions of mass M.M M
p e p  p oq(v) Correct the measured Cf(sf) and Pu(n,f) mass
yield curves for the mass resolution using the five- 
element operator method of Terrell (Te62).
o «5 p7.2 Measurement of Mass Yields for Cf Spontaneous Fission
7.2.1 Experimental apparatus and procedure
P qqThe experimental apparatus was similar to that of the ^Pu(n,f)
and 2^U(n,f) measurements of Chapters 5 and 6. The 2^2Cf spontaneous
i 2 • •fission source was deposited on a 110 yg cm" nickel backing foil.
The source activity was 500 fissions s“*. A separate experimental 
chamber from that for the (n,f) measurements was used: Cf under­
goes self-transfer and in time contaminates the walls of its contain­
ment. The chamber was evacuated to a pressure of 2 x 10 torr. It 
was not mounted on the triple-axis spectrometer. The two surface 
barrier detectors were the same make and model as those of Chapters 5 
and 6. They were situated at 2.6 and 3.8 cm from the 2^2Cf source.
The fragment coincidence rate was 1040 min The two ADCs used were
256 channels full scale: the 1024 channel ADCs of Chapters 5 and 6 
were not available. The 'on-line' recording of the total pulse 
height distribution (section 5.4.1) was not done as the interest 
of the measurement lay with the mass yield distribution. A total 
of 1.2 x 106 coincident events was obtained for analysis.
The mass yield analysis followed the same procedure as that of 
section 5.4.2. The preliminary energy calibration of the pulse height 
scale used the data of Whetstone (Wh63; 'Gaussian fit' values). The 
v (M,Ek) matrix was based on the data of Bowman et al. (Bo63), which 
was converted to the mass and kinetic energy groups of the present 
work by interpolation. The detector calibration constants for 
252Cf(sf) were taken from Schmitt et al. (Sch65).
+Fabricated by Chemistry Division, ftEKE Harwell
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FIGURE 7-1 FRAGMENT PULSE HEIGHT DISTRIBUTION FOR ONE DETECTOR
N L, N H AND N v ARE THE SPECTRUM COUNTS AT THE LIGHT AND HEAVY FRAGMENT PEAKS AND IN THE VALLEY.
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7.2.2 Results
The fragment pulse height distribution measured in a single
detector is shown in Figure 7.1. The table in the figure compares
the characteristics of the distribution with Recommended* values
for a good surface barrier detector (Sch65a). The comparison is
ifavourable . Figure 7.2 shows the pre-neutron emission mass distribu­
tion obtained» 'Shoulders* or fine structure can be seen at masses 
111 and 141 amu, in agreement with 252Cf(sf) time-of-flight mass yield 
data (Wh63,St65) and with double-energy data (Sch66,St65). Also shown 
in Figure 7.2 is the pre-neutron emission mass distribution of 
Schmitt et al. (Sch66) (uncorrected for mass resolution). The agree­
ment between the two curves verifies that the number of channels used 
in each pulse height line in the present work, 256, was sufficient to 
prevent the occurrence of statistical 'grid* effects (Th63) in the 
analysis"^.
E was found to be 185.7 MeV, a value in agreement with other K
double-energy measurements (see Ja69). The error on this value is
about ±1.5 MeV.
7.3 Calculation of Mass Resolution in Present 252Cf(sf) 
and 23gPu(n,f) Measurements
To calculate the variance a2 _ of the measured 252Cf mass yieldM-biAo
peak we define:
Y0 = £ Y(M) ...(7
M
Yi = l Y(M) x M ... (7
M
Y2 = I Y(M) x M2 ... (7
M __________________________
^Similarly for the other detector.
^ I n  (Sch66) 256 x 256 channels also were used for the pulse height 
lines. However, in the analysis, subdivision of each channel into 
100 sub-channels was made.
01------ U ________ I________ I________ |________ |________ |________ |________ I I
80 90 100 110 120 130 K0 150 160 170
FRAGMENT MASS (AMU)
FIGURE 7-2 PRE-NEUTRON EMISSION MASS DISTRIBUTION FOR 252C f(s f)
1 UNCORRECTED FOR MASS RESOLUTION.) T H E  STATISTICAL ERRORS ARE S M A LLER  T H A N  T H E  PO IN TS . 
TH E  DASHED LINE SHOWS TH E ANALOGOUS CURVE OF S C H M IT T  e t  al ( S c h  6 6 )
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where Y(M) is the measured yield at mass M.
Then a4 _ y2 y i'MEAS ~ ŸJT 2Y0
...(7.4)
A similar calculation is made for the mass yield peak of the time-of- 
flight data of Whetstone (Wh63). The variance so obtained is then 
reduced by 0.798 amu to take account of the 2.1 amu (FWHM) mass 
resolution in the (Wh63) dataD This gives The average variance
of the mass resolution function of the present 252Cf work is then given 
by
<a2(cf)> = a2 - a2M MEAS TOP ...(7.5)
To calculate a2 (Cf) and cr2 (Pu) as functions of mass, it is M M
necessary to consider the nature of the mass resolution dispersion. 
From (G165), the variance of the mass resolution function is given by
2 4
QM 3M E (M ) 4L,H F K L,H
where
+ 0.41
e k (m l ,h )
(m 2+m 2) + a2INST
M ,M = masses of the light and heavy fragments, L H
CT2 (V)
m l+m h MF r
mass and average centre-of-mass energy 
of the fission neutrons,
variance about average number v of emitted
.(7.6)
neutrons.
The dominant first two terms of equation (7.6) give the broadening 
for a calculated mass due to varying numbers, directions and energies 
of emitted neutrons. The third small term is due to the intrinsic 
energy resolution (1.5 MeV (FWHM); Sch65a) of surface barrier 
detectors. The final term <J^ST represents additional instrumental 
broadening associated with the measurement technique (e.g. electronic
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drifts). CTjNST should be the same for 2 5 2 Cf(sf) and 2 3 9Pu(n,f) and 
should be independent of mass M. The sum of the first three terms 
of equation (7.6) gives the 'inherent1 broadening cr2^  for a given 
mass, i.eD equation (7.6) can be rewritten as
a2 ( cf) = a?__(Cf) + a2M INH INST ...(7.7)
The values a2 (Cf) and a2 (Pu) were then calculated for each mass INH INH
using the Fortran IV program RFISH. The mass dependences of v, E 
and a2 (v) were incorporated by writing, in equation (7.6),
N
- T H \iv (M) E (M) + V (M) E._ (M) Jv L N H N
and fa2 (v) + a2 (v))v Li n J
Table 7.1 lists the references to the
for v EN
for a2 (v)
data used in the calculation.
Data Type
Reference
2 5 2 Cf(sf) 2 3 9Pu(n,f)
V (M) Walsh et al. (Wa77) Apalin et al. (Ap65)
E (M)N Bowman et al. (Bo63) 252Cf values useda
E (M)Ja. Present work Present work
a2 (v) L,H Signarbieux et al.(Si72) c
aNo 239Pu data available
bE = 0.296 eV n
CNo data available 
Table 7.1
Assumed cr2u (v) - x VPu(M)vcf(M) typically.
References to Data Used for Calculation of
/-r2 (cf) and o'2 (Pu) INH ' * INH
By averaging over both sidesof equation (7.7), aINST is 1:11611
given by
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FRAGMENT MASS FOR PRESENT 252C f(s f)A N D  
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INST = <CJ2 (Cf)> - <CT$„„(Cf)>INH (7.8)
- rrlo*- — a2MEAS TOF <a2 (Cf)>INH ' from equation (7 0 5)
= 1.80 amu2 from program RFISH.
Using this value of ajNST/ the desired mass resolution variance
can ^oun<  ̂from equation (7.7). Similarly, a2 (Pu) is given by 11 M
aí;(Pu) =  a ™ T T ( P u ) +  G2 M INH INST ...(7.9)
The values calculated for cr2 (Cf) and a2 (Pu) are given in Figure 7.3M M
in terms of the resolution width at FWHM. The shape of each curve is 
similar to the shape of vTqT m̂) (= v (M) + v^iM)) , from the first term 
of equation (7.6). The mean mass resolution was calculated by
<a2 (Cf)> = T a2 (Cf) x Y 1(Cf) ...(7.10)M " M MM
where Y 1 (Cf) is the resolution corrected yield (see below). Similarly M
for 2 3 9Pu. The values found were 5.2 amu (FWHM) for 2 5 2 Cf(sf) and 
4.9 amu (FWHM) for 2 3 3Pu(n,f). These values are indicated by the arrows 
in Figure 7.3 and are slightly larger than the value Rj4 amu (FWHM) often 
quoted for double-energy measurements (Ni73).
From equations (7.6) and (7.8) it was calculated for 2 5 2Cf(sf) that 
7 5 % on average of the present mass broadening (for a given mass) is due 
to fragment neutron emission and 25% due to detector and other 
instrumental effects. The corresponding values for 2 3 9Pu(n,f) were 70% 
and 30% respectively. In other words, in double-energy measurements an 
average mass broadening of 3.9 amu (FWHM) for 2 5 2Cf(sf) and 3.4 amu 
(FWHM) for 2 3 9Pu(n,f) will always be present due to fragment neutron 
emission. The 2 5 2Cf(sf) value calculated here is in good agreement 
with the value of 3.93 amu (FWHM) reported by Terrell (Te62). It is 
of interest to note that the corresponding 'neutron emission' mass
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broadening from double-velocity measurements is just one-half that for 
double-energy studies (Te62).
7 - 4 Correction of Measured 2 5 2Cf(sf) and 2 3 9Pu(n,f)
Mass Yields for Mass Resolution
The measured mass yields were corrected, point by point, for the
p values calculated above. The correction procedure was based on the 
five-element operator method of Terrell (Te62), wherein the individual 
measured yields Y(M) are replaced by a linear combination of the five 
nearest points, i.e.
Y(M) is replaced by aQY (M) - ai [y (M+2) +Y (M-2)"]
- cx2 [y (M+4)+Y(M-4)] ...(7.11)
Assuming that the mass dispersion function is a Gaussian,
yield Y(M) for a given mass is also given by
r - (M1-M) 2
Y (M) 1
2 ira Y'(M') e 2°2 dM'
then the
...(7.12)
, pwhere Y'(M) is the true undispersed yield and is the variance of the 
mass dispersion function (cr2= a2 (Cf) , etc. above) . The coefficients
(Xq , a\, a.2 are then given by the coefficients of the first four terms
r —6 l —46 o 9 —96 o _q "iof the inverse of [l+e (x+x“1)+e (xz+x“z)+e (x3+x 3)J, where
1
3 = ——  and x is a dummy parameter. These coefficients are (La79):
2a2
al
- 6  -9$e -15e
-3 -43 -93s
1 + 2 (e +e +e )
... (7.13)
- 3 - 9 3  e +6e
a2 = , -3 -43 -93,1 + 2 (e +e +e )
tSee Appendix C.
... (7.14)
FIGURE 7 -4  PR E-N EU TR O N  EMISSION M ASS DISTRIBUTION FOR 
252C f ( s f  ), CORRECTED FOR M ASS RESOLUTION.
TH E  UNCORRECTED DISTRIBUTION IS ALSO SHOW N.
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«0 ~ 1 + 2 (.(*2+012) . . .  (7 .15)
The mass yield correction was performed by the program RFISH and the
results are shown in Figure 7.4 for 232Cf(sf) and Figure 7.5 for
239Pu(n,f) for E = 0.296 eV. n
The shape of the corrected yield curve for each nuclei is as 
expected. The measured curve becomes thinner at the base, broader 
at the peak and increases in height. For each nuclei the peak 
corrected yields are in very good agreement with the corresponding 
yields from the data of (Wh63,Sch66,Mi62,Ne66). The symmetric region 
becomes better defined, e.g. the peak-to-valley ratio for 252Cf(sf) 
increases from 21 to 39. For 252Cf(sf) the fine structure at masses 111 
and 141 amu is enhanced. For 239Pu(n,f) a slight fine structure 
(shoulder) becomes apparent at masses 96 and 144 amu. This is also 
seen in the resolution corrected data of (Ne66) and more noticeably 
in the corrected data of (Mi62) and (Un73). However, for 239Pu(n,f) 
shoulders at masses 106 and 134 amu are evident which are not reported 
by these other three authors. Therefore these shoulders may not be 
real, but a spurious feature generated by the present correction 
procedure. It should be noted though that calculations of the expected 
fine structure positions for 239Pu(n,f) by Unik et al. (Un73) from the 
masses of even-Z fragments (Th64) do show that mass yield fine struc­
ture is expected at masses 106 and 134 amu.
FIGURE 7-5 PRE-NEUTRON EMISSION MASS DISTRIBUTION FOR 
239 Pu ( n,f) FOR En= 0.296 eV, CORRECTED FOR MASS RESOLUTION.
THE UNCORRECTED DISTRIBUTION IS ALSO SHOW N.
CHAPTER 8
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^ ^ pr_From High and Low Energy Resonance Regions
The Pu(n, f) measurement of Chapter 5 found that E for a J = 1K
resonance exceeds for a J = 0+ resonance by 0.4310.18 MeV. Toraskar 
et al. (To71) reported a value of 1.510.1 MeV for the same comparison. 
It is reasonable to discard the Toraskar et al. result, as the v data 
of Leonard (Le76) and of Frehaut et al. (Fr73) (see Table 1.2), and the 
recent E data of Wagemans et al. (Wa79) all imply a Ae value less 
than 0.5 MeV in global agreement with the present work.
The measurement of Wagemans et al. (Wa79) was reported after the 
results of the present work had been obtained. Wagemans performed a
— 2 qqdouble-energy E study on Pu for resonances between 7 and 85 eV. AK
linear accelerator and time-of-flight methods were used to produce 
neutrons of the required energies. This method has the advantage that 
fission induced by the various neutron energies are recorded at the 
same time, thus minimising any time-dependent systematic effects of the 
measuring system. A disadvantage was that for 7 < E^ < 85 eV is 
relatively low, thus a large area 239Pu target with thickness 3.5 times 
the present target thickness was required to give acceptable counting 
rates. Also the target backing thickness was twice that used here. 
These thicker targets and backing produced mass yield peak-to-valley 
ratios of only ^15:1, compared with values of 164:1 and 477:1 measured 
in the present work» Wagemans found (J = 1+) > Ek (J = 0+) by 
0.05±0.09 MeV. This value is in agreement with the value of 0.11±0.05 
MeV deduced from the v data of Frehaut et al. (Fr73) • It is apparent, 
therefore, that the two former measurements, carried out in the neutron 
energy region 7 to 400 eV, give significantly lower results than those 
of the present work and of Leonard (Le76), which studied the neutron
energy region below 1 eV.
What must be taken into account, however, is that confidence in 
q £ the resonance spin assignments differs for the twothe correctness
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energy regions. For the region below 1 eV, the level at E = 0.296 eVn
is almost certainly J = 1 (BN73). Further, the multilevel analysis of 
(Vo60) implied that the spin of the bound level below the neutron 
binding energy is different from that of the 0.296 eV level. If these 
two levels were of the same spin, their interference would distort the 
0.296 eV resonance shape more than is observed. Thus the bound level 
is very probably J = 0. Additional evidence in support of these 
assignments is that the variation of peak-to-valley fission yield ratio 
between = 0.033 and 0.296 eV measured here agrees with the corres­
ponding variation measured by Cowan et al. (Co66) for resonances 
between 15 and 82 eV, for those resonances where the spin assignments 
are relatively certain (see below). In contrast, for the energy region 
7 to 400 eV, doubts about the correctness of the spin assignments have 
been raised by Keyworth et al. (Ke78). The spin assignments used by 
Frehaut et al. (Fr73) were those from the measurement of Trochon et al. 
(Tr70) which used the neutron scattering technique. Keyworth et al. 
point out that because of problems of disagreement of measured with 
calculated peak areas, resonance overlap and lack of knowledge of the 
resolution width, at least half the J = 0 assignments reported in 
(Tr70) may be questionable.
The result of misassignment of resonance spins is to reduce the
— — + _+ v and E differences measured between J = 0 and J = 1 resonances.K
Therefore the v data of (Fr73) has been closely examined to identify
and correct for possible misassignments in the J = 0+ levels. Five
candidates for misassignment were identified in the 19 J = 0+ levels
measured. These five levels are listed in Table 8.1. For each one,
1 is much smaller than is usually found for a J = 0 level and is of
the order of V for a J = 1+ level. Also v for four of the five levels
is appreciably lower than the mean v measured for J = 0 levels (Fr73)
— +and approximately equals the mean v for J = 1 .
83
En
(eV)
rfa)
(meV)
V b)
32.3 110 2.86710.022
47.6 230 2.86110.012
116.0 205 2.84710.012
121.0 39 2.87410.019
136.7 84 2.88810.015
From (BN73). T for a typical J = 0+ level is £1000 meV.
b) - +Values measured in (Fr73). Mean v (J = 0 ) = 2.88210.005,
mean v (J = 1 ) = 2.86810.005, relative to v (252Cf) = 3.782.
Table 8.1 Possible Misassigned Levels in v Data of (Fr73)
If the five levels of Table 8.1 are excluded from the set of
J = 0+ levels measured and the mean v (J = 0+) recalculated, the result
is 2.88810.005 rather than the value of 2.88210.005 reported (Fr73).
Thus v (J = 0+)-V(J = 1+) = 2.888-2.868 = 0.02010.007. In terms of
fragment kinetic energy this is 0.020/0.13 = 0.15510.050 MeV, rather
than the value of 0.1110.05 MeV initially implied (Table 1.2). Thus
the reanalysis of the data of (Fr73) increases the implied AE valueK
by some 40%, to the extent where the extreme of the upper error bar 
of the (Fr73) value approaches the lower error bar extreme of the 
present value (0.4310.18 MeV). However, the discrepancy remains 
unsatisfactory.
It should be noted here that an inherent difficulty exists with 
the (Fr73) data. This is that the 2200 ms”1 (i.e. = 0.0253 eV)
value calculated from it is too low (Bo79). Using the measured 
“ (j = i+) = 2.86810.005, the reanalysed v (J = 0 ) = 2.88810.005, a 
relative fission strength of 45% for J = 1 at 2200 ms 1 (Table 5.1) 
and incorporation of a correction of -0.5% to account for delayed
and the neutron energy spectrum (Bo77), gives a 2200 ms 1gamma rays
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value from the (Fr73) data of 2.865±0.005. This is 1% lower than the 
recommended 2200 ms“1 value of 2.892±0.010 [b o 77; the (Fr73) 
normalisation of v (252Cf(sp)) = 3.782 is used]. The values for v 
(J — 0 ) and v  (J = 1 ) of (Fr73) must thus be corrected upwards to 
9^ve agreement with the 2200 ms 1 value. However, it is very probable 
that this correction does not apply equally to both: v  (j = 0+) should 
be corrected upwards more so than v  (j = 1 ). This is because the 
J = 0 resonances are experimentally more difficult to measure than
-f* jthe J = 1 (as discussed above). Contribution to the v  (J = 0 ) 
values measured from neighbouring J = 1 levels and from neutron 
background each tends to decrease v  (J = 0*). Assuming ad hoc a ratio 
of 2:1 for the size of the relative correction upwards of v  (J = 0+) 
to that for v  (J = 1+), gives a corrected value for v  (J = 0+) - 
v (J = 1+) of 0.039 neutrons, equivalent to a kinetic energy difference 
of 0.3 MeV. If the ratio is 3:1, the corrected value becomes 0.38 MeV. 
These values are in reasonable agreement with the present value and 
that of (Le76).
Recently (Fr79), Fr^haut has confirmed that the mean value of 
v  (J = 0+) reported in (Fr73) is in doubt relative to the mean 
v  (J = 1+) value. The main aim in (Fr73) was to measure the variation 
of v  (J = 1+) with r (J = 1+), to determine the size of the (n,yf) 
effect for 239Pu(n,f). An accurate determination of the difference 
v  (J = 0 )  - v  ( J = l )  was not attempted. On the other hand, it was 
also reported in (Fr79) that part or all of the above 1% discrepancy 
with the 2200 ms“1 value may result from the lack of a neutron count­
ing dead-time correction (relative to 252Cf(sp)) in the analysis of 
(Fr73). It is thus clear that considerable doubt exists concerning 
the v (J = 0+) - v (J = 1+) difference reported in (Fr73).
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If the measurement of Wagemans et al. (Wa79) is examined it is
seen that for four J = 0 levels was compared with for eleven
+ + .•I — levels. Two of these J = 0 levels are levels given in Table 8.1.
Exclusion of these two levels from the analysis gives Ae = 0.025±0.118K
MeV, compared with the reported value of 0.05±0.09 MeV. Disagreement 
with the present result still remains. However, in (Wa79) the peak-to- 
valley yield ratio of 15:1 is very poor and may be compared with the 
value of several hundred-to-one of the present data. In (Wa79) the 
fission yield in the peaks is only ^5.5%, compared with the known value of 
'^6.3%. These features indicate that considerable smearing of the 
asymmetric mass peaks into the symmetric region has occurred in (Wa79), 
through excessive fragment energy loss in target and backing. This
raises doubts as to the validity of their Ae result.K
In contrast to the rather unsatisfactory situation for
7 < E < 400 eV, the region E <1 eV presents little problem. The n n
resonance variation of v has been observed by three separate labora­
tories (Figure 5.9) and has been confirmed by the E measurement 
reported here. Further, the level spin assignments in this energy 
region are fairly certain. It is therefore reasonable to adopt the
results for E <1 eV as defining the true E difference between J = 0+ n K
and J = 1+ levels for 239Pu(n,f).
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8.2 Implications for Dissipation in Fission
The present work shows that a 'spin dependence' of E in theK
resonance region does exist for 239Pu(n,f), but that it should be 
more correctly described as a 'K dependence'. This follows from 
the connection between E and saddle point collective energy (refer 
Chapter 1) and the level scheme of Figure 1.2.
The magnitude of the E difference found here is E (J = 1+)-K K
E (J = 0+) = 0.43±0.18 MeV. That is, only about 35% of the discreteK.
1.25 MeV energy difference between the K = 1 and K = 0 collective
bands at the saddle point appears after scission in the fragment
•f-kinetic energy mode . This result can be interpreted as saying that 
the coupling between collective and single particle degrees of free­
dom is substantial, i.e. that the 2l+0Pu system near the fission 
threshold is significantly dissipative or viscous. An alternative 
interpretation, viz that mixing of collective K bands between barrier 
A (Figure 1.2) and the scission point produces a decrease in effective 
collective energy, is unlikely. Only the Coriolis forces can change 
the K band energies and their effect is weak because of the large 
moment of inertia of the compound nucleus (No69). Further, the 
difference in heights of barriers A and B for 2tf0Pu is probably 0.3 
to 0.5 MeV (Ba73,Br79). This difference is appreciably smaller than 
the 1.25 MeV separation of the K = 0+ and 1+ bands. Thus this band 
separation should not be greatly changed at barrier B. This last is 
supported by the evidence from the 23h\J and 236U cases, for both of 
which the barrier difference is 0.3 MeV (Ba73,Bo76) and no K band
mixing occurs.
+The assumption is made that the total energy release and the position 
of the scission point are effectively constant for low excitation 
fission of 239Pu. This has been shown to be true for 233U(n,f) (Bo76).
0.5 1.0 1.5 2 0 0 0.5 1.0 1.5 2 0
NEUTRON ENERGY (MeV)
FIGURE 8-1 ANISOTROPIES A OF FISSION FRAGMENT ANGULAR DISTRIBU­
TIONS VERSUS NEUTRON ENERGY. THE LABELLING IS BY COMPOUND NUCLEI.
THE ARROWS SHOW THE POSITIONS OF THE FISSION THRESHOLD. (From St69).
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On the matter of the barrier height difference in 2l+̂ Pu, Just
eb al, (Ju79) have reported that barrier B is 1,6 MeV lower than
barrier A. However, the barrier A heiqht E = 6.65 MeV found byA
(Ju79) is too high: it lies above the neutron binding energy for 
2H0pu of 6.53 MeV (BN73), and further, such a high value is incom­
patible with accepted (N ) values (see Appendix A), if a reason-
eff j*
able K band separation is to be maintained. Even if the (Ju79) 
barrier height difference of 1.6 MeV were genuine, the scarcity of 
additional J = 0+ and 1+ collective levels available for fission in 
the first 2 MeV above barrier B implies that K band mixing effects 
in the present study would be weak.
The conclusion that the ^^Pu system near threshold is signifi­
cantly dissipative may be contrasted with the situation for 23l+U and 
236u compound nuclei which show non-dissipative behaviour near the 
fission threshold (Chapter 1). In seeking an explanation for this 
difference, a clue may be found in fragment angular distribution 
data. It has been known for a number of years that the marked frag­
ment anisotropy variation near the fission threshold disappears in 
going from lighter nuclei to heavier (St69). This is illustrated in 
Figure 8.1. This decrease in anisotropy variation was normally 
explained as due to the decreasing height of the second fission 
barrier (barrier B) relative to barrier A. A larger number of 
channels becomes available at barrier B and the collective K band 
structure is 'washed out'. This idea, in a more quantitative form, 
has been applied to the present situation in Table 8.2. This shows 
the amount of excitation energy Ex = Sn~EB above barrier B for thermal 
neutron fission of 233U, 235U and 239Pu. (S = neutron binding energy,
E = height of barrier B.) Of the three compound nuclei, Ex is highest 
B
for 2lf0Pu and approaches the pairing energy 2A ^1.5 MeV (Wa74) . This
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supports the idea that, for the even-even compound system near thres­
hold, dissipative effects only become significant when single particle 
levels are possible at barrier B. The discrete collective energies 
are dissipated by coupling to the single particle levels. In this 
scheme coupling to single particle levels created after the second 
saddle point during the descent to scission is assumed small. This 
can be explained by the fact that it takes the compound nucleus a 
relatively long time, ^10""17 s (Gi69), from initial excitation to 
reach the saddle point. In contrast, the saddle to scission time 
is rapid, 10”21 to 10“2  ̂ s (Ni68,Ha69).
Compound
Nucleus
s a) b)cn
(MeV)
SB*
(MeV)
E„ = S -E X n B
(MeV)
System is ...
23^0 6.84 5.9 0.94 non-dissipativeC ̂
236u 6.55 5.8 0.30d) * non-dissipative6^
2l+0pu 6.53 5.45f) 1.08f) g)significantly dissipative
From (BN73).
From (Ba73). Errors on E , and thus on E , are ±200 keV.B Ä
a)
b)
c)From (Bo76).
Difference between S and lowest lying available level (K = 1 ) 
for thermal fission. Refer Table 6.1.
e^From (C179,Sch79).
f)The data for 240Pu from Just et al. (Ju70) implies Eb £5.2 MeV.
g)
This would give E £1.33 MeV, which is closer to 2A.X
Present work.
T^t>ie 8.2 Correspondence Between E and 
System Dissipation for Three Nuclei 
The above discussion of dissipative effects is for the case of 
even-even compound nuclei near the fission threshold, where the protons 
and neutrons are fully paired. Data for even-odd and odd-odd compound 
nuclei also show dissipative or viscous effects. Large decreases in
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E^ with excitation energy E* have been reported when E* increases
from about 8 to 15 MeV (Ko73,We76). This decrease is caused by
the washing out of the doubly magic A = 132 shell in the heavy
fragment as E* increases (Ba79). The heavy, near magic fragments
become more deformed, the charge separation between the light and
heavy fragments increases and E therefore decreases. However, theK
amount of additional excitation energy (?̂ 10 MeV) introduced into 
the fissioning nucleus is by itself too small to wash out the 
A = 132 shell. It can be assumed that, for these systems with 
excitation energies quite far above threshold, significant viscous 
heating takes place between the saddle point and scission (Ba79).
8.3 'Symmetric' versus 'Asymmetric* Fission Modes
The present work finds that fission via J = 0 levels gives a 
larger amount of symmetric fission than for J = 1 levels, by a 
factor of 6.912.1. This is the largest such value yet reported. 
Figure 5.11 shows that the increased symmetric component persists 
to at least 8 amu away from perfectly symmetric fission. This is 
the first detailed evidence of its type to be published. The avail-
q qable radiochemical data (Re60,Co66) is for three masses only - 33Mo 
(asymmetric region) and 115Cd, 121Sn (symmetric region). The present 
work is thus the strongest evidence yet reported that the mass 
division in fission is influenced by the symmetry properties of the 
nuclear wave function which describes the saddle point channel 
(section 2.5). Note that, in similar fashion to the E^ case, the 
term 'spin dependence' of mass asymmetry is more correctly a K
dependence'.
How can the two concepts that the macroscopic-microscopic 
potential energy surfaces (section 2.4) and the saddle point wave 
functions (section 2.5) each influence the amount of mass asymmetry,
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be combined? The ansvief here is that the potential energy surfaces
t tdetermine the gross amount of asymmetry. Both J = 0 and J == 1 
fission proceed via an asymmetric path (Figure 8.2). However, the 
symmetry of the nuclear wave function for the K = 0+, J = 0 level 
shifts the J = 0+ path slightly closer to the symmetric 'mountain 
peak' (Z) than is the K = 1 , J = 1 path, giving a slightly 
increased component of symmetric fission in the final mass distribu­
tion.
8.4 Effect of Mass Distribution Change on
The calculation of section 5.5.4 showed that only 15 keV of the
E change measured could be attributed to the change in the mass K
• _  + , « +yield distribution. After correction for the relative J = 0 and 1
contributions (Table 5.1), this gives 36 keV as the effect on E^ due
+ + . .to differing mass distributions for pure J = 0 and J = 1 fission. 
As discussed in section 1.3, studies of channel effects in E^ and v 
have normally assumed negligible influence on E^ and v from possible 
mass distribution changes. The above result for ” Pu gives 
confidence that this assumption is valid.
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Ba71
Ba73
Ba79
Be37
BN73
BN76
Bo39
Bo56
Bo63
Bo 7 6 
Bo77
Bo79
Br61
Br79
Ca57
C179
Co62
Co63
Con63
Ap65
Co66
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Calculation of Relative (J,K,tt) Strengths at the
Neutron Energies 0.033, 0.081 and 0.296 eV
For an isolated resonance at energy E^, the Breit-Wigner single
"t*level formula for the fission cross section at energy E^ is (BN73)
APPENDIX A
a = a* —f r
E \ ** -,_n \ 1
E ...(Al)l+y*
where r = fission width for the resonance
r = total width = r +r +rf y n
y = 7  (e -e )1 n o
. = ±1 = 2.608 x 106 /A+l\2 qrn
0 . 2 r ” E (eV) ( A ) r *n >■
k is the neutron wave number, k = = 2.197 x 10y t/e ~ cm”*, g is theA n
spin factor and A is target mass number. By substitution and re­
arrangement, equation (Al) becomes
= 6.52 x 105 /A+lN2
°f ~ E (eV) 1 A / ' n v
* r n T f ( ¥ )
9 r2(E -E )2 + —n o  4
... (A2)
For the 2yyPu(n,f) resonance at E^ = 0.296 eV, 2gr^ = 0.110±0.005
raeV, r = 60±4 meV, T = 99±5 meV (BN73). Thus af (J = 1+) at energy
E eV can be calculated from equation (A2). The total fission cross n
section a (TOT) = af (J = 1+) + af (J = 0+) is known from the measure­
ments of Gwin et al. (Gw71). Therefore af (J = 0+) can be found by 
subtraction. Table Al shows the results of the calculation. The same 
calculation was made for six other values of En between 0.02 and 0.3 eV.
+Note that on page (xii) of BNL 325 (BN73) the energy term in
. / Eo V  . /E V5equation (2) is incorrectly given as ^ —J instead of J •
(xii), the %  term in equation (4) should beAlso, on page
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nine values of a (J = l+)/a(_(TOT) as a function of E could be f f n
fitted very well by a smooth curve.
En
(eV)
af (J=l+)
(b)
a (TOT) 
(b)
af(J=0+) 
(b)
af (J=l+)
a (TOT) 
(%)
0.296 2991 3261 270 92
0.081 287 481 194 60
0.033 307 666 359 46
+Data of (Gw71)
Table Al Results of Calculation of q .̂(J=l+) and
a _(J=0+) at E = 0.033, 0.081 and 0.296 eV f --------- n ------- 1--------------------
The total and fission cross section measurements of Derrien et al.
(De70) have shown that two J = 0+ channels are open in the resonance
region, with (N ) ^1.0 and 0.13 respectively. From (Mi73)ef f +
<r >
f j77
(Neff tt " 27r <D>J TT 1= I p .
(A3)
7T .where <D> = average level spacing for J channels. P. is the
tt iJ
penetrability for fission channel i and is given by
(E*-E*) \ - _ 1  
1 +exp /-2TT .^ - C— JP. =l . (A4)
where E* = incoming excitation energy
E1  = fission barrier height for channel i c
•few * barrier curvature.
From equation (A3) the relative fission strengths of the two 
J = 0+ channels are -j- jj and I7 JJ > i-e- 88-5% and H-5%. Incorpora­
tion of these values into Table Al gives the relative (J,K,tt) 
strengths which were presented in Table 5.1.
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From equation (A4) the weaker J = 0+ channel can be shown to lie 
1.0 MeV above the strong J = 0+ ground state channel. This weaker 
J = 0+ channel corresponds to the double y vibrational band which 
the data of (Ba71) places at 1.4 MeV above the ground state (Table 1.1). 
The value of 1.0 MeV has been adopted in the present work.
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Absence of X/2, A/ 6  Components in Neutron 
Reflection from Odd Index Planes of Germanium 
Consider Bragg reflection of neutrons from the (h,k,&) plane of 
germanium. The reflection indices h,k,£ are related to the inter­
atomic distance a and the lattice plane separation d by (Cu56):
d = ....*..... ... (Bl)
s/h2+k2+i2
Also nA = 2dsin0 ,..(4.2)
A special property of the germanium crystal structure is that two rules 
must be satisfied for reflection to occur:
Rule 1 - (h,k,£) must be all even or all odd.
Rule 2 - (h+k+il) must be an integral multiple of 4.
Table Bl lists a number of allowed and non-allowed planes for germanium»
APPENDIX B
Planes
allowed
hk£
h 2+k2 +&2
Planes not 
allowed 
(by Rule 2)
h2+k2+ £ 2
1 1 1 3 200 4
220 8 22 2 1 2
113 1 1 420 20
400 16 • ••
331 19 226 44
422 24 666 108
511,333 27 66 (18) 396
Table Bl Allowed and Non-allowed Planes
for Neutron Reflection from Germanium
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Consider reflection from the (111) plane:
dll 1 =
/3
d222
2/3 d666 = 6/3
by equation (Bl)
and
Therefore
*111
x  111 
~2
2a
/3
sin0
sin0 = 2d222sin®
But the (222) plane is not allowed (Table Bl), 
component is absent. Further,
by equation (4.2)
x  111therefore the — —
* 1 1 1
~6 sin0 = 2dg66sdn®
Again, the (666) plane is not allowed, therefore the 
is absent.
*111
~6 component
*113 *113
In the same way it may be shown that the —-—  and —--- components
2 6
in reflection from the germanium (113) plane are absent, because the 
(226) and (66(18)) planes are not allowed.
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APPENDIX C
Derivation of Polynomial Egression
In general, a spectrum X(x) can be written in polynomial form:
V n X  =  ) a  x  
L n n
...(Cl)
thwhere a is the value of X at the n point and x is a dummy para­n
meter (K0 6 8). Similarly for a function Y(x)
mY = l  b xmm
Assuming that the b's and a's are related by
b = I T a ,m u m-n n
...(C2)
(C3)
n
then = I T.
m,k
a x k m-k
m
v m-k m y
=  > a  . x  • T. xL m-k *m,k 
X • T (C4)
where T = l  vk k
k
From equation (C4) X = Y T-1 (C5)
where is the reciprocal of the polynomial T. (A local approxima­
tion is used, thus T“ 1 should converge.) Because of the assumption 
that the mass dispersion function is a Gaussian, a suitable form for
T is -(m-n) 2
T  =  -  lN L m-n
2 a' m-n ...(C6 )
which is closely related to the Fourier transform of T. N is a 
normalisation factor. Ihe first few terms after the summation sign in 
equation (C6 ) are
[1 + e""^(x+x”1) + e 4^(x2+x”2) + e 9^(x3+x-3) + ...]
where 3 _ 1  . This is the expression required (section 7.4).
2a'
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